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Barrett’s esophagus (BE) is a precursor of esophageal adenocarcinoma (EAC). Both low-grade dysplasia (LGD) and high-
grade dysplasia (HGD) are associated with an increased risk of progression to EAC. However, histological interpretation and
grading of dysplasia (particularly LGD) is subjective and poorly reproducible. This study has combined whole slide imaging
with DNA image cytometry to provide a novel method for the detection of abnormal DNA content through image analysis
of tissue sections. A total of 20 cases were evaluated, including 8 negative for dysplasia (NFD), 6 LGD, and 6 HGD. Feulgen-
stained esophageal sections were scanned in their entirety. Barrett’s mucosa was interactively chosen for automatic nuclei
segmentation where irrelevant cell types were ignored. The combined DNA content histogram for all nuclei within selected
image regions was then obtained. In addition, three histogram measurements were computed, including xER-5C, 2cDI, and
DNA-MG. Visual evaluation suggested the shape of DNA content histograms from NFD, LGD, and HGD cases exhibiting
identifiable differences. The histogram measurements, xER-5C, 2cDI, and DNA-MG, were shown to be effective in
differentiating metaplastic from dysplastic cases with statistical significance. Moreover, they also successfully separated
NFD, LGD, and HGD patients with statistical significance. Whole slide image cytometry is a novel and effective method for
the detection of abnormal DNA content in BE. Compared with histological review, it is more objective. Compared with flow
cytometry and cytology-preparation image cytometry, it is low cost, simple to use, only requires a single 1 μm section, and
facilitates selection of tissue and topographical correlation. Whole slide image cytometry can detect differences in DNA
content between NFD, LGD, and HGD patients in this cross-sectional study. Abnormal DNA content detection by whole
slide image cytometry is a promising biomarker of progression that could affect future diagnostics in BE.
Laboratory Investigation (2015) 95, 1319–1330; doi:10.1038/labinvest.2015.98; published online 3 August 2015

The incidence of esophageal adenocarcinoma (EAC) has
increased dramatically in the west over the past 30–40 years.1–3

In the United States from 1975 to 2001, the incidence of EAC
rose from 4 to 23 cases per million.4 In the United Kingdom, a
similar increase in EAC5 is observed, although the absolute
incidence is much higher than in the United States.6 Globally,
it is the eighth most common cancer with nearly 456 000 new
cases diagnosed in 2012 (3% of the total). Esophageal cancer
incidence rates are highest in Eastern Asia and lowest in
Western Africa, but this partly reflects varying data quality
worldwide.7 The majority of EAC patients present with late-
stage disease and survival is poor, with a 5-year relative
survival rate of o15%.8,9

Barrett’s esophagus (BE) is well accepted as a precursor to
EAC.10,11 Dysplasia in BE is associated with an increased risk

of progression to EAC, and is used in clinical practice as the
‘gold standard’ predictive biomarker for invasive
carcinoma.12,13 In many centers, periodic endoscopic surveil-
lance is recommended for patients with confirmed Barrett’s
esophagus with specialized intestinal metaplasia (SIM). The
latest radiofrequency ablation (RFA) clinical trial14 confirmed,
for the first time, that RFA treatment reduces neoplastic
progression in patients with low-grade dysplasia (LGD).
The detection of high-grade dysplasia (HGD) in BE patients
may lead to radical therapeutic interventions such as
esophagectomy or endoscopic mucosal resection, and RFA
treatment.15–17

Some recent studies investigated the use of fluorescence
in situ hybridization (FISH) for the detection of dysplasia,18

and the potential molecular biomarkers for EAC
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progression,19,20 including epigenetic phenomena.21,22

Although these attempts may hold promise, the diagnostic
interpretation and histological grading of key clinical decision
points in BE, including negative for dysplasia (NFD), LGD, and
HGD, remains problematic. In current clinical settings, this is
still based on the histopathological assessment of routinely
hematoxylin and eosin (H&E)-stained tissue sections. It is well
acknowledged that histological assessment is subjective and
incurs inter-/intra-observer variability.8,12

Aneuploid DNA content as measured by flow cytometry on
nuclear suspensions has been strongly advocated as a marker
of progression in BE and is the only other biomarker used by
some in clinical practice.13,23 However, the wide use of flow
cytometry is limited because of its high cost and complex
sample preparation procedure.24,25 A significant amount of
tissue needs to be sacrificed. Most importantly, flow cytometry
is regarded as a ‘black-box’ method, where cells are
disaggregated and analyzed irrespectively. Cytology-
preparation image cytometry is an alternative approach for
measuring DNA content. It uses two or more thick sections of
FFPE (formalin fixed and paraffin embedded, e.g., 50 μm) and
disaggregates cells into a monolayer preparation, followed by
Feulgen staining.26,27 Using digital image processing tech-
niques, the integrated optical density for each nucleus is
obtained followed by the construction and interpretation of
DNA content histograms, similar to that of flow cytometry.
This technology consumes valuable tissue samples, requires
complex sample preparation, and is labor intensive, and hence
not widely available for the frontline health care. Neither flow
cytometry nor cytology-preparation image cytometry permits
the correlation of DNA content data with tissue and cellular
context. Pathologists and technicians do not have any control
over which tissue region or cell groups to be analyzed.

Despite these limitations, the detection of abnormal
DNA content by flow cytometry and cytology image
cytometry20,28,29 has been correlated with progression and
recurrence of dysplasia in Barrett’s patients. Abnormal DNA
content remains one of only a few biomarkers to have been
tested in longitudinal studies.

A practical and cost-effective method is needed for the
detection of abnormal DNA content in biopsy samples at the
time of routine pathological review. With the development of
digital pathology and tissue slide scanning technology, it is
possible to scan the entire histological tissue section at
diagnostic resolution (e.g., 0.25 μm per pixel) creating large
digital slide images. A typical tissue specimen can exceed 120
000× 80 000 pixels in size at × 40 magnification (28 gigabytes
of uncompressed data or ∼ 1 GB JPEG compressed30). Whole
slide imaging, together with appropriate viewing technology, is
beginning to be used for a range of pathology applications,
such as pathology education,31,32 image analysis for biomarker
discovery,33,34 and primary diagnosis.35–37

In tissue-based BE research, some researchers have investi-
gated alternative computerized morphometry and texture
measurements as indicators for disease progression.18,38,39

Nonetheless, the majority of other studies are still focusing
on the well-established DNA density measurements using
tissue sections (e.g., 3–7 μm), especially the use of the
commercially available ACIS system (Automated Cellular
Imaging System, Dako, Denmark) from a field of view (FoV)
of tissue sections.40–44 Under a microscope at × 40 magnifica-
tion, a FoV is digitally captured followed by image analysis to
locate nuclei and to measure the integrated optical density
(IOD) for each nucleus. DNA content histogram for FoV can
then be constructed. Nonetheless, a FoV of a section does not
always represent a whole tissue slide, and thereafter regional
DNA content histograms do not always reflect the true DNA
ploidy distribution of the whole tissue sample. With increased
numbers of high-throughput whole slide image scanners
(from, e.g., Leica Microsystems, Hamamatsu Photonics KK,
and Philips) being used by researchers, pathologists and
clinicians, it is possible to scan Feulgen-stained glass slides in
their entirety. This study presents such a new cytometry
method, namely whole slide image (WSI) cytometry. Using
digitally scanned Feulgen slides, this study presents a
histological image processing-based method for the detection
of DNA content in endoscopic biopsy samples of metaplastic
(NFD) and dysplastic (LGD and HGD) Barrett’s mucosa.

MATERIALS AND METHODS
Ethics Statement
The study was undertaken under the auspices of Northern
Ireland BioBank (NIBioBank Application NIB12-0039) that
uses anonymized surplus diagnostic material from cancer
patients and patients with premalignant conditions.

Materials
Approximately 0.4% of patients with BE develop adenocarci-
noma annually.45 Therefore, it can be difficult to identify
LGD and HGD samples from the same time period/
population as comparative BE samples. Samples used in this
study had previously been histopathologically reviewed for
selection in one of two biomarker studies that our working
group have previously published.20,46 To reduce difficulties
for image segmentation for overlapping nuclei at later stages,
tissue sections, nominally 1 μm in thickness (within limits of
microtomes), were cut from each biopsy via a standard rotary
microtome. Tissue sections were then H&E stained, followed
by the pathological re-evaluation (by an expert pathologist
DTMcM) with verification of the original diagnosis by the
reporting pathologists as previously described.20,46 The
pathologist DTMcM confirmed the presence of BE-NFD
and/or LGD or HGD in the levels used for the Feulgen stain.
All cases displayed SIM, 8 were uncomplicated NFD cases,
and 12 cases had areas of dysplasia, including 6 cases of LGD
and 6 cases of HGD.

Another 1 μm section from each FFPE block was cut for
Feulgen staining. Both H&E- and Feulgen-stained slides were
subsequently scanned using an Aperio ScanScope CS whole
slide scanner (Leica Microsystems, San Diego, CA, USA)
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using the objective of 20×/0.75 Plan Apo with a doubler. The
H&E-stained slides were digitally scanned at 40× magnifica-
tion that gave the image resolution of 0.25 μm/pixel. The
Feulgen-stained slides were scanned at the highest 83×
magnification under oil immersion, generating digital slides
with the resolution of 0.17 μm/pixel. Both H&E- and
Feulgen-stained digital slides were compressed using standard
JPEG compression at the compression quality of 70.

Scanned digital slides were archived at PathXL and slides
viewed using their online digital slide viewer (PathXL, Belfast,
UK). An experienced histopathologist (DTMcM) reviewed
the H&E-stained slides online, and annotated tissue regions
with NFD, LGD, and HGD using a freehand drawing tool
within the PathXL software.

Methods
The proposed WSI cytometry method follows a two-step
approach. First, a pathologist interactively selects a number of
tissue regions of interest from a whole slide image using
software tools. Second, individual nuclei from the selected
regions are automatically identified and isolated via a nuclei
segmentation method.

Three forms of output can then be generated. First, a DNA
content histogram in the form of a 2D plot is produced. A
graphical webpage, namely CellMap, is also constructed to
illustrate the relationship between a DNA content histogram
and individual cell profiles. Finally, three statistical measure-
ments are calculated to numerically describe the degree of
DNA content abnormality.

The following subsections present the technical details of
these two technical steps and the three forms of output.

Tissue region selection
We chose Aperio’s ImageScope software for initial tissue
region selection. A pathologist is able to view the Feulgen-
stained digital slide at any magnifications up to 83×, and
extract any number of rectangular regions with arbitrary sizes
using the Extract Region Tool from Aperio ImageScope
software, as illustrated in Figure 1a. The extracted regions are
subsequently saved as JPEG images.

It is unavoidable that the selected rectangle regions may
contain unwanted cell types, such as lymphocytes and stromal
cells, rather than stratified epithelial cells. Therefore, we
developed an interactive software tool using Matlab (Math-
Works, Natick, MA, USA) so that the pathologist could
further select areas of interest from the rectangle regions,
where unwanted cell types can be excluded. This software tool
allows pathologists to make this interactive selection using
four types of shape drawings, rectangle, ellipse, polygon, and
freehand drawing. A snapshot of the tool is shown in
Figures 1b and c.

Nuclei segmentation
This nuclei segmentation process localizes each nucleus and
the exact boundaries of all identified nuclei in the digital

image. Many nuclei segmentation methods from tissue
sections are available in the literature, but they are largely
focused on the processing of H&E-stained tissue for, e.g.,
prostate,47 neuroblastoma,48 and laryngeal tissue.49 Given the
morphological characteristics of Feulgen-stained esophageal
tissue, we developed a marker-controlled watershed-based
nuclei segmentation algorithm using the Matlab (version 8)
software.50

To describe this algorithm briefly, a RGB color image is
firstly converted into the CIE L*a*b* color space.51 The a*

Figure 1 An illustration of region selection. (a) Screenshot showing the
selection of a rectangular region (green) using the Extract Region tool
(the red circle) from Aperio ImageScope software. (b) Screenshot of the
annotation tool for the interactive selection of regions of interest. The list
of buttons on the left enables users to draw rectangle, ellipse, polygon,
or freehand drawing. The blue lines superimposed on top of the tissue
region are illustrations of the four types of annotation. (c) After user clicks
the ‘Apply’ button in (b), a binary image is automatically generated to
demonstrate the user selected region (white) for further analysis.
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color channel Ia is processed at 83× magnification for contrast
enhancement using a contrast-limited adaptive histogram
equalization method52 and a foreground enhancement using
morphological opening-by-reconstruction operations. The
resultant image Ii is then filtered with a Sobel edge detector
to get the gradient magnitude image Imag. A marker
controlled watershed algorithm uses both internal and
external markers to limit the amount of oversegmentations.
External markers should be located within the background
(non-nuclei area) that is easily achieved using an Otsu’s global
thresholding on Ii followed by a distance transform. Internal
markers should be subcomponents inside each nucleus that is
achieved by applying an extended-maxima transform on Ii
and followed by morphological tidying-ups. The gradient
magnitude image Imag is then modified using a minima
imposition technique to enforce regional minima to occur
only at marked locations using both internal and external
markers. A watershed transform is applied on the modified
gradient magnitude image to get the segmented nuclei image
Inuc. Finally, the shape and contour of the segmented Inuc is
fine-tuned using convex hulls53 and a pair of forward and
inverse Fourier descriptors54,55 to get smooth boundaries.

To eliminate artifacts such as overlapping/touching nuclei
and debris, only nuclei with the diameter of 10 to 56 pixels
(at 83× magnification) are retained. An interactive manual
removal procedure is also included so that artifacts missed by
the image processing can be further removed. In this study,
this manual removal procedure was performed by the
pathologist DTMcM or YW and validated by DTMcM.

Examples of the nuclei segmentation results are shown in
Figures 2c and 3b. A number of regions can be selected from
each BE whole tissue slide for the segmentation of nuclei.
They are further used for the construction of DNA content
histograms.

Controls
Control cells are important to scale DNA measurements, as
well as to define the location of DNA diploid (2N) and DNA
tetraploid (4N) in subsequently generated DNA content
histogram. As widely used in image cytometry studies,56,57

lymphocytes were chosen for internal controls in this study.
Following the same tissue region selection and nuclei

segmentation steps, control cells are identified. Regions of high
density of lymphocytes are firstly identified using Aperio’s
ImageScope software and our in-house-developed region
selection tool. Each single lymphocyte is then segmented. In
this study, the lymphocyte region selection and segmentation
were performed by DTMcM, or by YW under the supervision
of DTMcM as above. A number of lymphocyte-rich regions
can be selected for automated segmentation.

DNA content histogram
After the segmentation of nuclei, the boundaries of nuclei are
identified. Using Feulgen-stained whole slide tissue scan, the
immediate results obtained are the image color intensity in

the RGB color space for each pixel within an identified
nucleus. The Aperio digital slide scanner has an objective lens
in it. Therefore, similar to the use of traditional microscope,
in Aperio scanned digital slide, the optical density (OD) of a
pixel can be derived from its RGB color intensity.

Given a pixel I with the RGB component of (Ir, Ig, Ib), its
gray scale value G can be obtained using the following linear
combination:

G ¼ 0:2989 0:5870 0:1140½ �?
Ir
Ig
Ib

2
4

3
5 ð1Þ

For the digital slide scanned using Aperio’s scanner, the
color optical density for a pixel can be easily obtained using its
corresponding RGB values58,59:

ODm ¼ log10
I0
Im ð2Þ

where I0= 240, and m∈ {r,g,b}. Therefore the optical density
OD of given pixel can be obtained:

OD ¼ log10
I0
G ð3Þ

By considering all the pixels within the boundary of a
segmented nucleus, we have the IOD for the nucleus in the
1 μm tissue section:

IOD ¼
X

OD ð4Þ
Assuming nuclei are nearly round objects, to evaluate DNA

distribution from tissue sections with different thickness, the
correction factor α can be used to obtain the normalized
integrated optical density (nIOD)60.

a ¼
1

1�3r
8t

rot
1

3t
4r� r

8t
t
rð Þ3 r4t

8<
: ð5Þ

where t is the thickness of the tissue section, and r is the
radius of a nucleus. The authors also acknowledge the
existence of other correction methods in the literature.61

nIOD ¼ a?IOD
/IODCi ð6Þ

where IODC is the integrated optical density for the control
lymphocytes, and ?h i is the average operator. DNA content
histogram can then be constructed using all the nIOD values.

A regional DNA content histogram can be plotted using all
the nIODs in an image region (Figures 2b–d). It is also
possible to combine a number of regional DNA content
histograms from a slide to form the multiregional DNA
content histogram, illustrated in Figure 2e.

The x axis of the DNA content histogram has the unit of
nIOD. We then superimpose the DNA density distribution
of the internal control lymphocytes on top of the regional/
multiregional DNA content histogram. It is expected that
the nIODs of the lymphocytes follow a single Gaussian
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distribution, and the peak of the lymphocyte Gaussian peak
reflects DNA diploid aka the location of 2N. Therefore, using
simple scaling, the reference unit scale (e.g., 2N, 4N, 5N, and
8N) can be defined as the example shown in Figure 2f.

CellMap
DNA content histogram uses bars to represent the number of
cells in each bin, whereas the proposed CellMap merges the
actual segmented nuclei with the DNA content histogram in
the form of a webpage. An example is shown in Figure 3. If we
rotate the DNA content histogram (Figure 3c) clockwise to be
a horizontal bar graph, the histogram shape of Figure 3c
matches exactly with Figure 3d.

CellMap provides such a cross-referencing capability
between DNA content histogram and individual cell mor-
phology profile. The histogram distribution is embedded in
the CellMap, and the exact location of each nucleus in the
histogram is clearly presented for visual inspection.

DNA cell histogram can also be used to remove over-
segmentation at the nuclei segmentation stage and for cross-
referencing at later data analysis stage. When nuclei were

segmented, oversegmentation could happen and potentially
lead to contaminated data and interpretation. Overlapping
nuclei could be wrongly recognized as a single nucleus and
included in histogram construction. Similarly, debris may also
be wrongly recognized as a nucleus. To double check the
correctness of nuclei segmentation, the real-time CellMap
could help to further remove these oversegmentations. Debris
is typically small and contains small amount of DNA content,
and are therefore likely to appear at the top rows in the
CellMap. Overlapping nuclei typically contains, e.g., ≥ double
amount of DNA content, and hence are more likely to appear
at the bottom rows in the CellMap. Simple visual examination
could easily identify these oversegmentations. They can then
be interactively removed from the segmentation result by
simple button clicks.

Statistical measurements
Three DNA content histogram statistical measurements from
cytology-preparation image cytometry were borrowed and
implemented in this study:56 the popularly used 5c exceeding
ratio (xER-5C), 2c deviation index (2cDI), and DNA grade of

Figure 2 An example showing the construction of DNA content histogram. (a) A thumbnail view of a Feulgen-stained slide containing three pieces of
tissue. The four rectangles indicate they were interactively selected for further analysis. (b) An image region as indicated as the black rectangle in (a).
(c) The nuclei segmentation result superimposed on (b). (d) The regional DNA content histogram of (b). (e) The combined DNA content histogram
using all the four image regions indicated as rectangles in (a). (f) The combined DNA content histogram with the x axes scaled using internal lymphocyte
controls.
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malignancy (DNA-MG). These three measurements were
calculated using the nIOD value as the variable.

RESULTS
To evaluate the robustness of the proposed WSI cytometry
method, we first visually evaluated the DNA content
histograms from all the 20 cases that were histologically

categorized to be NFD, LGD, and HGD. This evaluation was
also assisted by CellMap. Second, we compared their statistical
measurements using two sample t-tests.

DNA Content Histograms
After manual selection of a number of regions of interest
indicated by the pathologist, the combined DNA content

Figure 3 An example of a CellMap. (a) A small image region. (b) The nuclei segmentation results superimposed on (a). (c) The regional DNA content
histogram of (a). (d) The CellMap of (a).
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histogram for each of the 20 cases was obtained. Examples
from each of the NFD, LGD, and HGD cases are shown in
Figure 4.

Visual assessment 1
For the NFD case illustrated in Figure 4a4, the peak of the
histogram was located at the fifth bar (out of 32 bars), to the
left of the 2N position defined by controls. The height of the
bar at 4N position was lower than 2N. As a nondysplastic
case, there were not any DNA octaploid cells; hence, the 8N
location was not shown. With the help of the CellMap, we
were able to easily visualize the actual cell morphologies for

each bar in the histogram. To use the NFD case illustrated in
Figure 4a as an example, a number of cells from the 5th bin
(peak of the histogram), 12th bin (the 2N position defined by
controls), and 24th and 25th bins (4N position) are shown in
Figure 5a. A quick visual assessment suggested cells selected
from the fifth bin were smaller in size and paler in staining
comparing with the cells from the 2N position. This trend was
much more obvious when comparing the cells from the 2N
position with the 4N position. The increase in cell size and
stain intensity were more obvious as shown in the LGD and
HGD case (Figures 5b and c) when comparing the cells taken
out from 2N, 4N, and 8N positions.

Figure 4 Three examples showing the differences of DNA content histogram among NFD, LGD, and HGD cases. (a) A NFD case with three regions
(a1–a3) analyzed. (a4) The combined DNA content histogram of all three regions is shown. (b) A LGD case with five regions (b1–b5) analyzed. (b6)
The combined DNA content histogram of all five regions is shown. (c) A HGD case with three regions (c1–c3) analyzed. (c4) The combined DNA content
histogram of all three regions is shown.
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Visual assessment 2
Visual evaluation also suggested the differences in the shapes
of histograms from the three groups. If we use the 5N
position, defined using internal controls, in each histogram as
reference point, it showed that there were higher proportion
of cells having bigger than 5N nIOD values in the LGD case
(Figure 4b6) compared with the NFD case (Figure 4a4), and
in the HGD case (Figure 4c4) compared with the LGD case.

These two visual evaluations were consistent with the
pathologist’s histological assessment.

The combined use of DNA content histogram and CellMap
could also easily highlight DNA aneuploid cells for further
interpretation, especially the cells with high DNA content,
e.g., 48N. These cells were located to the right of a DNA
content histogram that corresponds to the bottom rows in the
corresponding CellMap. Closer visual examination might

Figure 4 (Continued)

Figure 5 Example of segmented nuclei from three cases. (a) A NFD case example of nuclei from the fifth bin (the peak), the 2N and 4N position of the
DNA content histogram. (b) A LGD case shows nuclei segmented at the 2N, 4N, and 8N position of the DNA content histogram. (c) A HGD case shows
nuclei segmented at the 2N, 4N, and 8N position of the DNA content histogram.
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suggest these cells to be overlapping cells that were missed
during cell segmentation, cells that were hard to tell whether
they are overlapping or simply staining artifacts, or indeed
they are genuine aneuploid cells.

Finally, the DNA content histograms were generated using
the same nIOD scale, with the maximum value of 2500 IOD
units. Visual evaluation also suggested slight variations of the
locations for reference points defined by internal lymphocytes
controls (e.g., 2N, 4N and 8N locations) from case to case.
This was likely to be caused by the variations in the amount of
Feulgen stain, tissue thickness, or factors from other lab
procedures. This observation indicated the importance of
using internal rather than external controls.

Statistical Histogram Measurements
All three histogram measurements (xER-5C, 2cDI, and DNA-
MG) were calculated for the 20 cases. The results are listed in
Table 1. To test the robustness of these three measurements,
we first evaluated whether these three measurements were
able to distinguish metaplasia (NFD, 8 cases) from dysplasia

(LGD and HGD, 12 cases altogether) using two-sample
t-tests. We then tested the abilities of these three measure-
ments in differentiating NFD from LGD, and from HGD
cases. Similarly, two-sample t-tests were performed and
individual P-values were calculated.

Results showed that all three measurements successfully
differentiated metaplastic from dysplastic cases with high
degree of statistical significance (Po0.005, Figures 6a–c),
PxER-5C= 0.0008, P2cDI= 0.0045, and PDNA-MG= 0.0011.
P-values suggested that xER-5C is the most robust measure-
ment followed by DNA-MG.

For the testing among NFD, LGD, and HGD cases,
statistical significance was also achieved for each pair of
comparisons (Figures 6d–f). High degrees of statistical
significance (Po0.005) were obtained when comparing
NFD from LGD samples with PxER-5C= 0.0036, P2cDI=
0.0040, and PDNA-MG= 0.0049. The evaluation of NFD and
HGD cases also showed high degree of statistical significance
for the measurement of xER-5C (PxER-5C= 0.0038), and
statistical significance for other two measurements (P2cDI=
0.0148 and PDNA-MG= 0.0054). Furthermore, the differences
between LGD and HGD cases were also statistically significant
for all the three measurements with PxER-5C= 0.0258, P2cDI=
0.0446, and PDNA-MG= 0.0338.

DISCUSSION
Dysplasia is a predictive biomarker in BE for the increased risk
for EAC progression. The treatment and clinical management
for patients with NFD, LGD, and HGD are different. In some
centers, patients with NFD undergo periodic endoscopic
surveillance. The management of LGD patients is controver-
sial; some guidelines recommend patients have frequent
endoscopic surveillance, whereas a recent study suggests RFA
treatment reduces the risk of neoplastic progression to HGD/
EAC.14 HGD patients can be managed by endoscopic mucosal
resection and/or RFA. The histological classification for some
key diagnostic stages in BE has been challenging, resulting in a
fair interobserver agreement (LGD, κ= 0.32).12 Flow cytome-
try and cytology-preparation image cytometry are not suitable
for widespread clinical use. Studies also suggested the simple
measurements of cross-sectional nuclear area for cytometric
analysis. Nonetheless, the lack of correlation between nuclear
size and DNA ploidy were shown in colorectal62 and breast
cancer.63 In this study, we have developed a method for WSI
cytometry. Through the detection and quantification of
abnormal DNA content, the three proposed statistical mea-
surements from this study were able to differentiate NFD cases
from LGD and HGD. Moreover, it successfully separated cases
with LGD from HGD and NFD cases.

WSI cytometry uses modern histological image processing
technology to measure DNA content using whole tissue
digital slides. Compared with manual histological review, the
proposed method has the potential to be more objective.
Compared with flow cytometry and cytology-preparation
image cytometry, WSI cytometry is simple to use and only

Table 1 DNA content statistical measurements for 20 Barrett’s
esophagus cases

Case no. xER-5C 2cDI DNA-MG

Dysplasia

HGD 1 19.90 2.59 2.25

2 18.20 2.08 1.98

3 18.20 1.71 1.75

4 11.07 1.25 1.42

5 9.15 0.87 1.10

6 7.35 0.74 0.97

LGD 7 8.02 0.84 1.07

8 8.57 0.82 1.05

9 5.98 0.82 1.05

10 8.04 0.71 0.95

11 5.95 0.71 0.94

12 6.12 0.64 0.87

Metaplasia

NFD 13 7.05 0.77 1.00

14 6.33 0.69 0.92

15 3.41 0.59 0.81

16 4.57 0.51 0.73

17 2.87 0.37 0.56

18 2.52 0.37 0.56

19 1.20 0.29 0.45

20 0.21 0.27 0.42
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requires one thin (e.g., 1 μm) tissue section. Compared with
previous studies of analyzing a FoV from histological tissues,
WSI cytometry is able to select multiple tissue regions and to
combine (stack) regional histograms together to reflect the
summary of heterogeneous regional characteristics.

Rather than analyzing the entire tissue and every cell, a
previous study in tissue-based ploidy analysis27 has discussed
the advantages of selective sampling that permits cross-
referencing between DNA content histogram with the original
tissue context. WSI cytometry extended this cross-referencing
ability with the use of CellMap where DNA content histogram
is visually associated with individual cell profile. Cellular
chromatin characteristics are now easily visualized within the
context of DNA content histogram. In addition, a pathologist
is able to combine his/her rich interpretation skills to
interactively select tissue regions and cell types of interest
improving the correlation of morphological changes with
DNA content histograms.

WSI cytometry generates a wider peak width (the coefficient
of variation (CV)) in the DNA content histogram compared
with flow cytometry or cytology-preparation image cytometry.
This has been reported previously and attributed to the
intrinsic characteristics of performing DNA ploidy analysis
using thin tissue sections.43,64 Thick tissue sections (e.g.,
410 μm) create difficulty in nuclei segmentation, especially

in situations of touching and overlapping nuclei. Therefore,
biased sampling error could happen where smaller and isolated
nuclei are preferred.27,65 To avoid nuclear oversegmentation,
this study used ∼ 1 μm thin tissue sections. When a thin tissue
section is applied (e.g., 1–5 μm), the IOD of a segment of a
nucleus rather than the entire nucleus is measured. Hence, the
sensitivity for the detection of aneuploidy is compromised.66,67

Sectioned nucleus segments with various sizes (up to the true
diameter of the nucleus) are obtained that in turn lead to a
range of IOD values depending on the position where the
nuclei are truncated. A collection of these IOD measurements
consequently result in a wider peak in the histogram and a
higher CV. Despite this limitation, our study has demonstrated
that it is an effective technique with differences evident
between NFD, LGD, and HGD cases, both on visual evaluation
and by statistical analysis in these samples. The authors also
acknowledge the small number of samples investigated in this
preliminary study. Therefore, further longitudinal studies
employing more samples are required to validate the visual
evaluation of WSI cytometry DNA content histogram and to
optimize threshold values in differentiating NFD from LGD,
and LGD from HGD. It is also acknowledged that further
studies with the comparison of not only pathological grading,
but also actual patient outcomes data would provide stronger
validation for the proposed WSI cytometry method.

Figure 6 The t-test results showing the statistical significant differences between metaplastic and dysplastic cases (a–c) and among NFD, LGD, and HGD
cases (d–f). (a) The measurement of 5c exceeding ratio between metaplastic and dysplastic cases. (b) The measurement of 2c deviation index between
metaplastic and dysplastic cases. (c) The measurement of DNA grade of malignancy between metaplastic and dysplastic cases. (d) The measurement of
5c exceeding ratio among NFD, LGD, and HGD cases. (e) The measurement of 2c deviation index among NFD, LGD, and HGD cases. (f) The measurement
of DNA grade of malignancy among NFD, LGD, and HGD cases. *Po0.05 and **Po0.005, statistical significance between the indicated groups.
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