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Computerized morphometry as an aid in
determining the grade of dysplasia and
progression to adenocarcinoma in

Barrett’s esophagus
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The aims of this study were to use computerized morphometry in order to differentiate between the degree of
dysplasia and to predict progression to invasive adenocarcinoma in Barrett’s esophagus (BE). Biopsies from 97
patients with BE graded by a consensus forum of expert gastrointestinal pathologists were available for
morphometrical analysis. The study group included 36 biopsies negative for dysplasia (ND), none of which
progressed to carcinoma; 16 indefinite for dysplasia (IND) and 21 low-grade dysplasia (LGD), of which three
progressed in each group and 24 high-grade dysplasia (HGD), of which 15 progressed to invasive carcinoma.
Computerized morphometry was used for measuring indices of size, shape, texture, symmetry and architectural
distribution of the epithelial nuclei. Low-grade dysplasia was best differentiated from the ND group by nuclear
pseudostratification (P=0.036), pleomorphism (P<0.01), and chromatin texture (margination, P<0.01) and
from the HGD group by nuclear area (P<0.01), pleomorphism (P<0.01), chromatin texture (margination,
P<0.01), symmetry (P<0.01), and orientation (P=0.027). These results were validated on a new set of cases
(n=55) using a neural network model, resulting in an accuracy of 89% for differentiating between the ND and
LGD groups and 86% for differentiating between the LGD and HGD groups. Within the HGD group, univariate
significant predictors of the progression interval to carcinoma were: indices of nuclear texture (heterogeneity:
P=0.0019, s.d.-OD: P=0.005) and orientation: P=0.022. Nuclear texture (heterogeneity) was the only
independent predictor of progression (P=0.004, hazard =11.54) by Cox’s multivariate test. This study
proposes that computerized morphometry is a valid tool for determining the grade of dysplasia in BE.
Moreover, histomorphometric quantification of nuclear texture is a powerful tool for predicting progression to
invasive adenocarcinoma in patients with HGD.
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Epithelial dysplasia in Barrett’s esophagus (BE) is
the precursor of invasive adenocarcinoma and
provides the basis for endoscopic surveillance
and treatment decisions.”™ A significant correlation
exists between the degree of dysplasia and the time
of progression to invasive adenocarcinoma.>® How-
ever, considerable interobserver variability in the
grading of dysplasia has been encountered.>”***
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Molecular studies exploring genetic aberrations,
oncogene and tumor suppressor gene expression,
ploidy, apoptosis, and angiogenesis have all con-
tributed greatly to the understanding of the biology
of BE-related neoplasia."**® Despite these advances,
no single molecular marker has emerged that has
proven to reliably predict who will and who will not
develop cancer in the setting of BE.**

The current grading scheme of dysplasia is
primarily based on the subjective evaluation of
nuclear characteristics such as pleomorphism, en-
largement, and hyperchromasia and nuclear spatial
features such as orientation and stratification." The
utility of computerized morphometry in the grading
of Barrett’s dysplasia has been examined in a few
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studies. Baak et al*® detected a positive correlation
between certain morphometrical parameters, the
proliferation index and the histological grading of
dysplasia. Other studies also combined quantitative
morphometry with ki-67 and p53 immunohisto-
chemical markers and found a significant decrease
in the interobserver variability in grading of eso-
phageal dysplasia.?*** The role of computerized
morphometry in predicting the time to progression
from dysplasia to invasive carcinoma has not yet
been evaluated.

The aims of this study were to determine the
utility of computerized morphometry as an objective
method for grading dysplasia and to evaluate the
role of morphometry in predicting progression to
adenocarcinoma in BE patients. In this study, we
concentrated on aspects of nuclear structure such as
size, shape, texture, as well as novel quantitative
indices of nuclear pleomorphism and symmetry.
These measurements were further complemented by
a more general analysis, at the architectural level, of
epithelial cell organization, which included indices
of orientation, pseudostratification, and nuclear
crowding.

Materials and methods

Patients and Tissues

This study included tissue sections from two
sources as follows:

(a) A set of 138 patients described in a previous
multicentric retrospective study,>® which fo-
cused on interobserver variability in BE-asso-
ciated dysplasia. All biopsies in the original
study were reviewed and graded for dysplasia by
12 expert gastrointestinal pathologists after
reaching a consensus agreement upon the grade
of dysplasia in all cases. Out of these original 138
cases, only 97 were technically suitable for
morphometric analysis, based on the quality of
hematoxylin and eosin staining. Of these 97 BE
cases, 36 were negative for dysplasia (ND), 16
were diagnosed as indefinite for dysplasia (IND),
21 low-grade dysplasia (LGD), and 24 with high-
grade dysplasia (HGD). These cases were used
as a gold standard to develop our predictive
model.

(b) In order to validate our model for evaluation, an
additional set of biopsies from 55 BE patients
(ND=21; LGD=15; HGD=19) was obtained
from the archives of the Department of Pathology
at Rhode Island Hospital. The diagnoses were
assessed and confirmed by three of the authors
(MR, JW, ES), none of who was part of the
original consensus forum.

Computerized Morphometry

Hematoxylin and eosin-stained histologic images
were scanned and digitized using a computerized
image analysis system comprising a high-resolution
digital camera (MicroPublisher 3.3 RTV, QIMA-
GING, Burnaby, BC, Canada) attached to a micro-
scope (Olympus BX41, Japan) and to an IBM-
compatible computer (Pentium R 4 CPU 3.2 GHz,
0.99GB RAM). Images were displayed at a pixel
resolution of 1024 x768 pixels (spatial re-
solution =0.11 microns per pixel). The Image Pro
Plus version 5.1 software (MediaCybernetics, MD,
USA) was used for image segmentation, threshold
establishment, and nuclear measurements. Nuclear
contours were automatically highlighted. Manual
corrections were performed as needed.

For each biopsy, the entire surface epithelium was
digitally scanned at a magnification of x 600. The
scanned images were then reviewed by MR and ES.
All areas that appeared dysplastic or suspicious for
dysplasia were sampled for morphometrical analy-
sis. In the normal-appearing biopsies, representative
fields were sampled.

Overall, 19780 nuclei from the metaplastic and/or
dysplastic surface epithelium were measured by
computerized morphometry. For each nucleus,
multiple morphometric indices were recorded,
covering a multitude of dimensions, including size
(area, diameters), shape (ellipticity, contour regular-
ity index, roundness, fractal dimension), and nucle-
ar chromatin texture. The latter included multiple
textural indices quantifying the variation in pixel
density of the nuclei. Examples of such indices
include chromatin margination and heterogeneity.*
Margination is derived from the second moment of
inertia of an object and it represents the relative
distribution of the optical density between the
center and the edges of a nucleus. High margination
indicates that most of the intensity is along the

>

Figure 1 Morphometric concepts applied for quantitative evaluation of chromatin texture, nuclear symmetry, and orientation. (a)
Heterogeneity: the fraction of pixels that deviate more than 10% from the average optical density of the nuclear chromatin. Two nuclei
are displayed, each showing a different optical density (gray levels) distribution pattern. The left nucleus is more homogenous and
therefore has a lower heterogeneity as compared to the right nucleus. (b) Symmetry: the steps applied for evaluating nuclear symmetry
are shown. The segmented nuclei are oriented along their vertical axes and divided in two fragments along their horizontal axes (passing
through their geometric centers of gravity). Thus, indices of size, shape, and textural symmetry are calculated as described in the
Materials and methods section. (c) Orientation: degree of alignment of the nuclei along their longest axes was evaluated, as shown in the
figure. Microscopic images and their frequency distributions were examined before and after applying a Fast Fourier Transform (FFT)
algorithm. High-grade dysplasia (HGD) showed less-oriented nuclei resulting in rounder frequency distributions as opposed to low-grade
dysplasia (LGD) or no-dysplasia (ND) cases showing more oriented nuclei providing more elliptic frequency distributions.
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edges while low margination indicates that most of
the intensity is near the geometric center of the
nucleus.

Heterogeneity is another morphometric descriptor
of the nuclear chromatin texture and it is defined as
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the fraction of pixels that deviate more than 10%
from the average optical density of the nucleus.
Larger values of heterogeneity are obtained from
more irregular chromatin patterns (Figure 1a). All
the above indices are provided by the Image Pro Plus
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program for the quantitative analysis of patterns and
objects in the images.

Using the predesigned variables, additional mor-
phometric indices were computed in order to
quantitatively assess nuclear pleomorphism and
nuclear symmetry. Nuclear pleomorphism (variation
in the nuclear size, shape, and texture) was
determined by calculating the standard deviations
of all measured variables, ensuring a multidimen-
sional evaluation of the concept of nuclear varia-
bility. A similar approach was already used in
morphometric studies measuring tumor pleomorph-
ism in tissues other than BE.**

Novel indices of nuclear symmetry were also
designed. In order to measure nuclear symmetry, the
nuclei were sorted by their longest axis and a Macro
algorithm obtained from the Media Cybernetics
website was applied for splitting each nucleus along
its shortest axis (reflectional symmetry), passing
through a calculated digital center of gravity called
centroid. Measurements were repeated for each one
of the two resulting nuclear segments. Then, a ratio
of symmetry was calculated for each variable, by
dividing the smaller to the larger value of the two
halves of the nucleus (Figure 1b). Lower indices are
obtained from less-symmetric nuclei.

In order to enhance the observer’s confidence
regarding the perception of nuclear orientation,
images were transformed from their space into their
frequency domains, using a two-dimensional (2D)
Fast Fourier Transform (FFT) algorithm. Digitized
images are composed of 2D arrays of pixels, each
having a light intensity value (gray level) ranging
from 0 (black) through different shades of gray to
255 (white). Every row or column in this 2D array
represents a signal within a range of coordinates
defining a so-called space domain. Fourier Trans-
form is an important image processing tool, which is
used to decompose such 2D arrays (signals) into
more basic components composed of sine and
cosine functions.?® FFT is an efficient computer
algorithm for calculating the basic frequencies of
these sinusoidal functions. The graphical output of
such transformation is called the Fourier frequency
domain of the image. In this Fourier frequency
domain, each point represents a particular fre-
quency contained in the spatial domain image.
The 2D Fourier frequency plots are frequently used
in image analysis in purpose to analyze pattern
periodicity and orientation. The frequency plots
obtained from the Fourier transformation of the BE
histological images were displayed. A well-oriented
nuclear arrangement provided an elliptic frequency
distribution. A disoriented nuclear pattern gene-
rated a round distribution of gray level frequencies.
Different grades of orientation exhibited a spectrum
of frequency patterns in between elliptic and round
distributions. A semiquantitative score of nuclear
orientation was then created, ranging from 1 (good)
to 3 (poor orientation), reflecting the progressive loss
of nuclear orientation (Figure 1c).
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Nuclear pseudostratification was assessed by a
semiquantitative score ranging from + 1 where two
nuclear layers were seen in up to 25% of the
epithelium examined, + 2 where two nuclear layers
were seen in more than 25% or three or more layers
were present in less than 25% of the epithelium,
and + 3 were three or more layers are seen in more
than 25% of the epithelium. A similar semiquanti-
tative score was applied for the nuclear crowding
ranging from +1 (low crowding) to +3 (high
crowding) of the surface metaplastic or dysplastic
epithelium.

Statistical Analysis

For standardization of the variances within the
groups, measurement values were normalized by
dividing them by their corresponding variable
averages.”®?*”

Normality of the groups was tested using the
Kolmogorov—Smirnov test. Comparison between
multiple continuous groups was done using the
one-way ANOVA test, followed by the Bonferroni
post hoc test for detecting significant differences
between individual subgroups. Reproducibility
(evaluating the interoperator variability) was as-
sessed by computing the R Pearson’s coefficient of
correlation between two repetitive measurements,
done by two different operators (ES, AB).

In order to handle data complexity, technically
related or unexplained variation, a two-layered
feed forward back-propagation NNET algorithm?®
was trained wusing the statistically predictive
variables that were obtained by analyzing the
first 97 cases. This NNET model was aimed to
differentiate BE from LGD and LGD from HGD. For
each classification task, the NNET algorithm
contained an input neuron (the morphometric
results), two hidden neurons (three log-sigmoid
transfer functions in the first hidden neuron and
one log-sigmoid function in the second hidden
neuron) and an output neuron (the grade of
dysplasia). In order to maintain the model ability
to generalize (by avoiding overtraining), training
was stopped after 100 iterations. Validation of the
trained NNET model was subsequently done by
testing the accuracy of its classification on a second
group of images obtained from 55 new cases
collected from the Rhode Island Hospital data set.
Time to progression from dysplasia to invasive
adenocarcinoma was evaluated using Kaplan—Meier
curves. Univariate analysis was performed using the
log-rank test for categorical groups, whereas the
univariate Cox’s regression test was used for numer-
ical groups. Multivariate analysis for progression
time from dysplasia to invasive carcinoma was
performed using the Cox’s proportional hazard
model.

Statistical and NNET analyzes were performed
using the SPSS 11 (SPSS Inc., Chicago, IL, USA) and



the Matlab 6.5.1, R13 (The MathWorks, MA, USA)
programs, respectively.

Results

The results are separately displayed for the two sets
(n=97 and n=>55, respectively). The first data set
(training set: n=97) was used as a training model for
differentiating between the grades of dysplasia and
the results were validated using the second data
set (testing set: n=>55). The study group included
biopsies from 68 males and 29 female patients. Ages
ranged between 23-85 years (62.9+13) and the
grading of dysplasia was achieved by a consensus
forum of 12 expert GI pathologists.” All variables
were grouped according to their geometrical repre-
sentation into major morphologic categories as
follows: architecture, nuclear size, shape, pleo-
morphism, texture, and symmetry. As seen in Table
1, LGD was best differentiated from the ND group by
nuclear pseudostratification (P=0.036), pleomorph-
ism (P<0.01) and texture (P<0.01), and from the
HGD group by nuclear texture (P<0.01) pleomorph-
ism (P<0.01), symmetry (P<0.01), area (P<0.01),
and orientation (P=0.027). No significant variables

Table 1 Univariate statistical comparison between diagnostic groups
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were found to distinguish between ND and IND
groups.

The reproducibility of the morphometric analysis
as indicated by the Pearson’s coefficient of cor-
relation (R) computed for the linear relationship
between two repetitive morphometric measure-
ments, ranged between 0.85 and 0.97 (P<0.01).

Neural Network Model (NNET)

Using the significant variables obtained by the
statistical analysis (training set: n=97), two sepa-
rate neural network algorithms were designed and
trained (see Materials and methods for NNET
configuration). For differentiating between ND and
the LGD groups, the NNET classifier was stopped
after 100 learning iterations in order to avoid
overtraining of the training set which would reduce
its ability to accurately classify the new cases
(testing set). The NNET algorithm was able to
correctly classify 86% of the cases (70% of ND
and 95% of LGD cases were correctly identified).
Similarly, in order to differentiate between the LGD
and HGD groups (in the training set), the NNET
algorithm adequately classified 87% of the cases

Variables (normalized means +s.e.m.) ND (n=36) IND (n=16) LGD (n=21) HGD (n=24) Significance (ANOVA)
Architectural

Pseudostratification 1.2840.09 1.204+0.08 1.65+0.10*" 1.464+0.14 P=0.036

CI‘OWding 1.554+0.16 1.59+0.21 1.64+0.12 1.83+0.15 NS

Orientation 1.65+0.11 1.56+0.10 1.60+0.13 2.04+0.12%b¢ P=0.027
Size

Mean nuclear area 1.09+0.05 0.904+0.07 1.25+0.06 1.50+0.08*b¢ P<0.01
Shape

Ellipticity 0.95+0.020 0.97+0.030 0.93+0.02 0.98+0.03 NS

Regularity 0.97+0.008 0.97+0.019 0.96+0.012 0.98+0.007 NS

Roundness 0.95+0.020 0.954+0.020 0.9540.02 0.9540.02 NS
Pleomorphism (variability)

Area-s.d. 0.92+0.10 0.9340.10 1.22+0.09*° 1.53+0.08*b° P<0.01

Aspect-s.d. 0.96+0.04 0.93+0.06 0.92+0.05 0.98+0.07 NS

Contour-s.d. 1.07+0.02 1.03+0.05 1.03+0.05 0.97+0.02 NS
Texture

Margination 0.99+0.004 0.99+0.005 0.97 +£0.005* 1.004+0.003° P<0.01

Heterogeneity 0.81+0.08 0.89+0.07 0.84+0.09 0.86+0.08 NS

OD-s.d. 0.91+0.03 0.97+0.03 0.92+0.03 0.96+0.03 NS

I0D-s.d. 0.97+0.11 0.96+0.12 1.00+0.09 0.82+0.05 NS
Symmetry index of

Contour-Sym 1.00+0.003 1.00+0.002 1.00+0.002 0.98+0.003%"< P<0.01

Margination-Sym 1.09+0.006 1.10+0.001 1.10+0.001 1.10+0.006 NS

Heterogeneity-Sym 0.97+0.01 0.95+0.02 0.97+0.01 0.94+0.01 NS

ND, negative for dysplasia; IND, indefinite for dysplasia; LGD, low-grade dysplasia; HGD, high-grade dysplasia; s.d., standard deviation; s.e.m.,

standard error of the mean; OD, optical density.

a, b, c: refers to statistically significant differences between individual groups, as follows:

#Statistically significant (P<0.05) when compared to the ND group.
bStatistically significant (P<0.05) when compared to the IND group.

“Statistically significant (P<0.05) when compared to the LGD group.
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(correctly identifying 76% of HGD cases and 100%
of the LGD cases). For differentiating between ND
and HGD, no predictive model was developed as
these two categories are usually distinguished with
high precision. The ability of this NNET-based
morphometric classification system was validated
by testing it on new cases (ie testing set) as described
below.

Fifty-five new cases from the archives of patho-
logy at the Rhode Island Hospital were used as a
testing group, for validation of the previous NNET
algorithm. In this group, the patient age ranged
between 32 and 87 years (40 male and 15 female
subjects). Twenty-one cases were classified as ND,
15 LGD and 19 HGD. A schematic representation of
the NNET configuration used in this model, as well
as the error curves associated with the training
process are shown in Figure 2. When the NNET
algorithm trained on the 97 cases mentioned above
was applied to the testing group (n=55), it was able
to adequately differentiate ND from LGD in 89% of
the cases (80% of ND and 91.7% of LGD correctly
identified) and to differentiate LGD from HGD in
85.7% of the cases (71.4% of LGD and 100% of HGD
cases correctly identified).

Analysis of Progression to Invasive Adenocarcinoma

The intervals for progression to invasive adeno-
carcinoma were available for the first set of 97 cases.
In the ND (n=36), IND (n=16), and LGD (n=21)

a Input
neuron

Input variables

Stratification
Pleomorphism

}
—>

groups, only three cases progressed to invasive
adenocarcinoma. In the HGD category (n=24), 15
progressed to invasive adenocarcinoma (mean pro-
gression time of 13 months, range: 1-60 months).
When analyzing the overall relationship between
the morphometrical parameters and the time to
progression to invasive carcinoma, in all groups
(n=24), the best predictors of progression were:
grade of dysplasia (P<0.0001), nuclear orientation
(P=0.016), pseudostratification (P=0.018), and
texture (heterogeneity, P=0.013). A similar analysis
was not performed separately within the specific
groups owing to the small number of cases which
progressed, except for the HGD category. Within the
HGD category, the best Cox’s univariate predictors
of progression time from HGD to invasive adeno-
carcinoma were nuclear texture (heterogeneity:
P=0.0019, margination: P=0.039), variability (OD-
s.d.: P=0.03, s.d.-OD: P=0.005, Het-s.d.: P=0.004),
and nuclear orientation (P=0.022), as shown in
Table 2. Biopsies from patients who progressed
exhibited a different textural distribution (hetero-
geneity) and a less-oriented nuclear pattern when
compared to the nonprogressive cases (see Figure 3).
Textural heterogeneity was the only significant
independent predictor for progression to adenocar-
cinoma, in the HGD group (Cox’s multivariate:
P=0.004, OR=11.54, shown in Table 3). Figure 3
displays a Kaplan—Meier curve of interval from
diagnosis of HGD to invasive carcinoma, according
to a significant cutoff point of the nuclear textural
heterogeneity. A visual example of the differences in
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Figure 2 A schematic representation of the Neural Network (NNET) configuration used to predict different grades of dysplasia (a) and
the error curves (b) associated with the training process for differentiating between no dysplasia (ND), low-grade dysplasia (LGD), and

high-grade dysplasia (HGD), respectively.
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Table 2 Cox’s univariate analysis of progression time from HGD
to invasive adenocarcinoma

Variable P-values
Heterogeneity (texture) 0.0019
OD-s.d. (texture) 0.030
s.d.-OD (texture variability) 0.005
Het-s.d. (texture variability) 0.004
Margin-Sym (texture symmetry) 0.039
Nuclear orientation 0.022

OD-s.d., standard deviation of the pixel optical density within the
nuclei. This variable represents the degree of homogeneity of the
chromatin texture within each nucleus; s.d.-OD, standard deviation of
the mean optical density among nuclei. This variable reflects the
degree of variability of the optical densities among the nuclei; Het-
s.d., standard deviation of the textural heterogeneity of the nuclei;
Margin-Sym, symmetry of the margination (texture variable) of the
nuclei.
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Figure 3 Kaplan—Meier curve for progression time to adenocarci-
noma in HGD patients, grouped by nuclear chromatin texture
(heterogeneity).

Table 3 Multivariate Cox’s regression analysis of time to
progression from HGD to invasive adenocarcinoma

Independent predictor b Standard  Hazard  P-value
of progression time error ratio (&)
Heterogeneity (texture) 2.446 0.857 11.54 0.004

the textural heterogeneity between progressing vs
nonprogressing cases are illustrated in Figure 4.

Discussion

Patients with BE diagnosed with HGD are at the
highest risk for progression to invasive adenocarci-
noma.>”?%%° The diagnosis of HGD may lead to
complete esophageal resection, partial resection, or
ablation.®”** Because the consequences of the
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diagnosis of HGD in BE are profound, diagnostic
accuracy is critical. However, a relatively high rate
of interobserver variability in the grading of dys-
plasia exists among pathologists.”** When asked to
classify a given lesion as LGD or HGD, the rate of
disagreement among pathologists ranges from 50 to
70%."* Such interobserver variability may lead to
diagnostic inaccuracies and consequently, to erro-
neous treatment decisions resulting in either an
excessive surgical procedure (ie esophagectomy)
or to inappropriate delay in the removal of an
advanced premalignant lesion.

In an attempt to increase the accuracy of dysplasia
grading in BE, a few studies have combined
morphometry with the use of molecular markers in
order to increase objectivity. Baak et al*® found
excellent agreement between certain morphometri-
cal variables such as nuclear area and the stratifica-
tion index when combined with the proliferation
index as compared to histological grading of
dysplasia. Other studies that examined quantitative
morphometry and p53 expression found a signifi-
cant decrease in the interobserver variability in the
grading of dysplasia.?"*?

As compared to the studies described above, the
uniqueness of this study lies in the relatively large
number of BE biopsies that were evaluated, and the
fact that morphometrical parameters were compared
to biopsies graded by a consensus of 12 expert
gastrointestinal pathologists.” In addition, novel
morphometric parameters such as indices of nuclear
symmetry (size, shape, and texture) were developed
and analyzed. Finally, this is the only study which
correlated morphometrical parameters with progres-
sion to adenocarcinoma in BE patients.

The relatively high pretest probability of Barrett’s-
associated dysplasia (low +high grade) seen in our
study (46%) is due to a selection bias resulting from
our aim to address the reproducibility of dysplasia
grading rather than to detect dysplasia among the
general population of BE patients. We suggest
determining whether the criteria identified here
will maintain their significance with routinely
diagnosed cases of BE.

In this study, LGD could be differentiated from ND
by nuclear pseudostratification, pleomorphism and
texture and from the HGD group by nuclear texture,
pleomorphism, symmetry, area, and orientation.
When analyzing the relation between morphometry
and time to progression to invasive carcinoma in all
of the BE groups, the best independent predictors of
progression were: grade of dysplasia, nuclear archi-
tecture (orientation, stratification), and chromatin
texture (heterogeneity). However, within the HGD
group, textural heterogeneity was the only signi-
ficant independent predictor for progression. In-
creased textural heterogeneity was associated with
an 11.54-fold increased risk for progression from
HGD to invasive adenocarcinoma.

In our study, nuclear texture was found to be a
powerful variable useful both for differentiating
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HGD without progression to invasive adenocarcinoma
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Figure 4 Example of digitally enhanced nuclear textures (by Laplace filter) in HGD with (b) and without (a) progression to invasive

adenocarcinoma.

grades of dysplasia and in the prediction of
progression. Texture represents the human percep-
tion of patterns. Quantification of texture is usually
performed using computer vision algorithms. Inves-
tigators have used different textural parameters to
evaluate a variety of patterns in biology (repetitive,
fractal, stochastic, etc.). All textural parameters are
designed to quantify the amount and distribution of
the gray values of the pixels of an image as well as to
assess the mutual relationship between close and
remote pixel intensities.

Morphometry has been used to explore the
diagnostic or prognostic value of nuclear texture in
both cytological and histological tissue specimens.
Einstein et al’® utilized fractal and lacunar methods
for characterization of chromatin textures in breast
cytology and concluded that fractal and lacunarity
dimensions are useful tools for the quantitative
characterization of chromatin appearance, and can
potentially be incorporated into image analysis
devices to assure the quality and reproducibility of
diagnosis by breast fine-needle aspiration biopsy.
Guillaud et al’® were able to predict HPV positivity
in cervical cytology, using nuclear chromatin texture
analysis.

A few morphometric studies have emphasized the
importance of texture as an index of the severity
of cellular dysplasia, in diagnostic pathology.?”—**
Deligdish et al*® used an autocorrelation based
textural approach for quantifying epithelial nuclear
dysplasia in prophylactic oophorectomies obtained
from BRCA-positive patients. Weyn et al*' applied
different textural descriptors (global, co-occurrence
matrix and run length matrix based parameters) for
assessing nuclear dysplasia in colonic, esophageal
and prostatic premalignant epithelia.

Nuclear texture has been shown to correlate with
the degree of nuclear chromatin organization as well
as with DNA distribution.** Changes in the textural
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pattern of chromatin can be associated with altered
gene expression and may indicate premalignant or
malignant transformation.*”> Khan et al’® found
significant associations between nuclear texture,
DNA ploidy, and patient outcome in prostate cancer
patients. Friedrich et aF’” correlated nuclear texture
patterns with DNA ploidy along with p53 status and
proliferation rate in breast carcinomas. Bartels et al
described a predictive role for chromatin textures in
the prognosis of prostatic neoplasia.***°

It is well known that aneuploidy is associated
with dysplasia and progression to carcinoma in
BE.*"'” As mentioned above, there is an association
between alterations in ploidy and nuclear tex-
ture.?”*® Therefore, we propose to validate the role
of nuclear texture in future studies by using
computer-assisted image analysis for evaluating
nuclear ploidy of Feulgen-stained BE biopsies from
patients with available follow-up information.

In this study, novel morphometric indices of
nuclear symmetry were also developed and found
to be useful in differentiating between LGD and
HGD. Symmetry may be seen as the property of an
object being identical on both sides of a central
dividing line. Two studies have morphometrically
quantified nuclear symmetry in histopathological
specimens. Ricco et al*” evaluated the role of
nuclear contour symmetry for differentiating be-
tween grades of astrocytomas. Bufo et al*®* showed
that nuclear contour symmetry along with other
morphometric variables serve to differentiate be-
tween normal, dysplastic, and malignant cells in
colonic specimens. Both these studies measured the
nuclear contour symmetry based on a Fourier
harmonic analysis of the nuclear contours. However,
symmetry may be attributed to many other aspects of
the nucleus. This is the first study to evaluate the
predictive role of multiple indices of shape, size,
and textural symmetry in general and in esophageal



pathology in particular. In our study, we found
contour symmetry and textural symmetry (of margi-
nation) to significantly distinguish between HGD
and LGD. Textural symmetry was also able to pre-
dict progression to carcinoma by Cox’s univariate
analysis.

Architectural organization of the nuclei was also
quantified. The architectural indices measured in
this study included the degree of nuclear pseudo-
stratification, nuclear crowding, and nuclear orient-
ation. In our study, nuclear orientation was found to
significantly differentiate between LGD and HGD
categories. For quantifying nuclear orientation, a
semiquantitative score was created whereby two
pathologists (MR and ES) independently scored the
level of nuclear orientation after evaluating the
images both in their original (space) domain and in
their frequency domain (Figure 1c). A similar
approach was used in other studies for the analysis
of periodicity and orientation of the epithelial
nuclei in urothelial carcinomas, for increasing the
accuracy of the histopathological grading,”® or to
quantify the orientation of dermal collagen fibers for
the evaluation of different skin pathologies.***°

It is well established that architectural changes at
the glandular level are also useful in differentiating
LGD from HGD. In this study, all of the morphome-
trical parameters examined were limited to nuclear
structure, stratification, and crowding. Computer-
ized variables for the characterization of glandular
complexity, crowding, and cribriforming are cur-
rently in the course of development and may
contribute to increased sensitivity and specificity
when introduced into the algorithm.

The main steps in computerized morphometry are
sampling, segmentation, and measurement. Digital
sampling of the morphometric areas of interest is
likely to encounter a degree of interobserver varia-
bility, like the one seen in the process of micro-
scopic grading of dysplasia, routinely performed by
the pathologist. Nevertheless, multiple studies sug-
gested the use of computerized morphometry as an
adjunct tool able to decrease observer variability,
especially when grading epithelial dysplasia.?*2?
Polkowski et al,** support the use of computerized
quantitative pathology for reducing diagnostic
variability in the grading of dysplasia, during sur-
veillance of patients with BE. The author also
recommends limiting the use of computerized
quantitative grading of BE dysplasia to expert
centers. In this study, we used strict sampling
criteria as described in the Materials and methods
section.

Another widely documented problem involving
instrumental image analysis is segmentation.*” Seg-
mentation is the delimitation of boundaries between
two compartments. In our case, it means tracing out
precisely the perimeter of the nucleus to separate it
from the surrounding cytoplasm in order to be able
to individually measure the nuclei. Image analysis is
one of the branches of electrical engineering and all
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its textbooks contain multiple algorithms for scene
segmentation that generally are straightforward and
dependable.®® In many fields including medical
image analysis, automatic segmentation is success-
ful. However, in pathology, the automatic segmenta-
tion of the nuclei is still problematic owing to the
inherent complexity of the material. Although
current digital technology presents powerful quan-
titative tools, it still lacks the human’s qualitative
and discriminatory skills. Therefore in pathology,
automatic segmentation may not be adequate,
especially when measuring highly crowded cellular
regions with overlapping nuclei. In such instances,
the use of a semiautomatic approach is more
appropriate, where digital algorithms of segmenta-
tion are manually corrected when needed, by the
operator. This method although laboriously inten-
sive, allows the expert to enjoy the automatic tools
available in the software and at the same time to
exercise full control on the morphometric process.

Along with the laborious interactive (semiquanti-
tative) approach used for the nuclei segmentation,
another limiting rate of computerized morphometry
is the analysis time. The complex nature of this
study including microscopic examination of the
slides by the pathologists, sampling of regions of
interest, performing a semiautomatic segmentation
of the nuclei, measuring the nuclei, database
management, statistical, neural (NNET), and repro-
ducibility analyses. However, when strictly consid-
ering the kernel of the morphometric analysis,
namely the sampling, the segmentation and the
measurements, when applied to one biopsy, the
analysis time ranged between 15 to 30 min (depend-
ing on the size and quality of the biopsy). Despite
being a relatively time-consuming analytical
method, when considering the profound clinical
consequences resulting from a diagnosis of dyspla-
sia, computerized morphometry may be considered
as an ancillary method to be applied in borderline
cases where grading of dysplasia is controversial or
when a pathologist wishes to verify his diagnosis by
inputting specific fields to be analyzed according to
the present criteria.

The morphometric analysis revealed nuclear
pseudostratification, pleomorphism chromatin tex-
ture, symmetry, and orientation to be the best
criteria for determining the grade of dysplasia.
These criteria are largely similar to those used by
pathologists to distinguish between the different
grades of dysplasia. These findings support the
qualitative approach used by the pathologist. More-
over, morphometry offers the pathologist a way to
standardize grading, decrease interobserver varia-
bility, and to increase the accuracy of the grading of
dysplasia in BE.

BE is a particularly fertile area for the use of
noninvasive optical imaging by endoscopic techni-
ques.®®®® Noninvasive optical imaging techniques
use a variety of spectral methods and light sources
(near-infrared, fluorescent) in order to detect micro-
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scopic premalignant changes in the shape or texture
of the cells, without the need of a tissue excision.
The textural, shape, and architectural variables
described in our study may also be relevant to the
ongoing efforts to utilize noninvasive optical ima-
ging of dysplasia in BE. Nuclear morphology may be
the key for identification of dysplasia during screen-
ing, either as a guide for obtaining biopsy, or as a
stand-alone technique.

In conclusion, our study illustrates that compu-
terized morphometry is a valid tool for determining
the degree of BE-associated dysplasia. Moreover,
quantitative evaluation of the nuclear texture pat-
tern is a powerful predictor of time to progression to
invasive carcinoma in patients with BE-associated
HGD. This is a preliminary study that will have to be
validated both prospectively and retrospectively on
additional cases where progression was documen-
ted. We also suggest that such a system may be used
as an adjunct in problematic cases to validate the
diagnosis and degree of dysplasia. It is clear that
further developments in computer vision techno-
logy, such as increased speed of digital scanning and
improvements in the field of object segmentation
algorithms, will have to be established before such a
system can be used routinely as a screening tool.
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