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This study describes the high-fidelity DNA histograms in different stages of neoplastic progression to Barrett’s adeno-
carcinoma (BAC). High-fidelity DNA histograms were obtained with image cytometry on sections, and were classified
based on DNA index values of the peaks into diploid, mild aneuploid, moderate aneuploid and severe aneuploid.
Heterogeneity index (HI) representing cells with different DNA content and the 5N exceeding cell fraction were de-
termined. One hundred and eighty-seven cases, including 34 normal gastrointestinal mucosa (control), 66 Barrett’s-
specialized intestinal metaplasia (SIM), 22 low-grade dysplasia (LGD), 22 high-grade dysplasia (HGD) and 43 BAC were
investigated. Controls showed sharp diploid peaks with HI values less than 13, and no 5N exceeding nuclei. SIM showed a
spectrum of histograms including diploid, mild aneuploid and moderate aneuploid histograms. The frequency and
severity of aneuploidy increased with worsening histological grades of dysplasia. All BAC cases were aneuploid, with
moderate or severe aneuploidy. Marked elevated HI values (420) and 5N exceeding fractions (45%) were found in 5%,
32%, 50% and 88% of cases with SIM, LGD, HGD and BAC, respectively. The high-fidelity DNA histograms suggest that (1)
Barrett’s SIM may already be dysplastic in nature, and all BAC may be markedly aneuploid; and (2) elevated cellular DNA
heterogeneity and 5N fractions may be markers of progressive chromosomal changes and ‘unstable aneuploidy’ that
identifies progressive lesions.
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Barrett’s esophagus is an excellent model to study carcino-
genesis in humans because it progresses to esophageal
carcinoma through a number of clinically recognizable stages
of histological dysplasia.1,2 However, the role of histological
grading of dysplasia in clinical practice is limited because
the histological diagnosis is subjective and carries a large
inter- and intra-observer variability.1 As chromosomal in-
stability may be an important cause of genomic instability
leading to Barrett’s adenocarcinoma (BAC), DNA aneuploidy
has been suggested as a useful marker of neoplastic pro-
gression.1,3,4 However, currently available studies on DNA
ploidy in Barrett’s-associated neoplastic lesions use low-
fidelity DNA histograms. These studies describe the results
only in qualitative terms as diploid or aneuploid.1,4,5 More-
over, they miss other details in the DNA histograms that have
been shown to be important predictors of progression in
other cancers.6,7

High-fidelity DNA histograms can provide information on
the appearance of the aneuploid clones as well as the cellular
DNA content heterogeneity. Appearance of newer clones of
severer aneuploidy may indicate disease progression. Several
studies in cancers such as breast have shown that increased
scatter of cells, including elevation of the 5N exceeding
fraction, may represent ‘unstable aneuploidy’ that may be
an important marker of progression and prognosticator of
clinical outcome.6,7

The purpose of the present study was to describe high-
fidelity DNA histograms obtained by image cytometry on
sections (ICS). Our results suggest that Barrett’s-specialized
intestinal metaplasia (SIM) shows frequent aneuploidy, and
frequency and severity of aneuploidy increase with the wor-
sening grades of dysplasia ending in almost universal and
severe aneuploidy in BAC. An increasing fraction of cases
with SIM, low-grade dysplasia (LGD), high-grade dysplasia
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(HGD), and BAC are found to have markedly elevated
cellular DNA heterogeneity and 5N exceeding fraction.
These cases may represent those of progressive chromosomal
abnormalities and the ‘unstable aneuploidy’.6,7

We suggest that high-fidelity DNA histograms may be
valuable in differentiating normal from neoplastic tissues and
the study of neoplastic progression in Barrett’s esophagus
and many other tumors.

MATERIALS AND METHODS
The study protocol was approved by the Institutional Review
Boards of the Veterans Affairs Boston Healthcare System and
the Providence Veterans Affairs Medical Center.

Tissues
Cases with diagnoses of normal gastrointestinal mucosa, SIM
without dysplasia, LGD, HGD and BAC, during the period
1990–2003, were searched in the computer files stored in the
Departments of Pathology of the Veterans Affairs Boston
Healthcare System and Providence Veterans Affairs Medical
Centers. The alcohol formalin-fixed, paraffin-embedded
tissue blocks were retrieved.

Two adjacent sections at 7 mm were re-cut from the tissue
blocks. The sections were hematoxylin and eosin (H&E)
stained for histological evaluation and Feulgen stained
for DNA histograms. The 7-mm-thick sections provide infor-
mation on the interphase nuclei.8

Histological Evaluation
Two GI pathologists (QH and MK) reviewed H&E stained
slides independently, according to the published criteria.2,9

In cases of disagreement, a consensus diagnosis was reached
at the joint microscopic review of the slides in question.
Inter-observer disagreement was found in about 25% of the
cases. Barrett’s esophagus-related lesions were classified into
four categories: Barrett’s SIM without dysplasia, LGD, HGD
and BAC.

The diagnostic feature of SIM without dysplasia was the
goblet cell containing incomplete intestinal metaplasia in the
distal esophagus. All these cases had near-normal appearing
surface mucosal cells. All cases had some degree of atypia
of the crypt cells.2 In some cases, there was evidence of
ulceration, erosion and mucosal inflammation as evidenced
by infiltration by polymorphs or eosinophils. These cases
were classified as having reparative atypia.2 Cases without
ulcerative/inflammatory changes were thought to have
non-reparative atypia.10,11 All dysplasia cases had dysplastic
surface epithelium. Dysplasia was divided into two types:
LGD and HGD. In LGD, crypt architecture was largely intact
with minimal to mild distortion, but epithelial cells showed
evident dysplasia. The nuclei were enlarged, crowded, hyper-
chromatic, pleomorphic and stratified near the base of
the crypts. Characteristic goblet and columnar cell mucus
was usually diminished and even absent. Mitotic figures
were frequent, particularly in the upper portion of crypts. In

HGD, crypt architecture showed marked disarray, with crypt
branching, lateral budding, intra-crypt bridging and complex
growth patterns such as papillary-villiforms, and ‘back-
to-back’ cribriforms. Nuclear abnormalities in HGD were
similar to but more evident than those seen in LGD with
marked pleomorphism and stratification reaching the crypt
surface, and thus loss of polarization. Mitotic figures were
abundant with atypical mitosis. Goblet and columnar cell
mucus was usually absent. BAC was diagnosed when malig-
nant cells or abortive glands broke through the basement
membrane into the laminar propria or beyond.

DNA Histograms Using ACIS
DNA histograms on histological sections were obtained using
the Automated Cellular Imaging System (ACIS; Clarient Inc,
San Juan Capistrano, CA, USA).12 Briefly, Feulgen-stained
slides were automatically scanned. Only the uniformly
stained slides were included. A daily quality control was run
using a standard calibration kit from the manufacturer.

The area of interest (area of maximal histological abnor-
malities) was identified microscopically on H&E stained
sections and marked by a trained pathologist. The corres-
ponding area on the Feulgen-stained section was selected by
the operator (CY and XZ) for analysis. ACIS uses a set of
image processing algorithms known as Watershed Segmen-
tation to exclude touching nuclei. In these algorithms, nuclei
that touch other nuclei are recognized through their size and
other morphometric parameters and are separated by inser-
tion of a single pixel-wide boundary at the point of contact.
Because Watershed algorithm may cause oversegmentation,
particularly in the presence of nuclear overcrowding, manual
post-processing correction for merging the oversegmented
nuclei was applied.13 Moreover, overlapping nuclei, nuclear
debris and other artifacts that escaped auto-detection and
removal by the system were deleted by the operator.

Non-epithelial (control) cells and the target epithelial cells
are imaged, digitized and stored in a file by the system.
Around 50 control cells and 200 epithelial cells that are
artifact-free are selected. The digital images of nuclei of
interest cells were stored individually, and converted into a
series of pixels that were quantified as the integrated optical
density (IOD) value, representing the DNA content and
morphological features of the cells, such as size, shape, con-
tour, granularity and chromatin texture of the nucleus. The
mean IOD of control cells is assigned a DNA index (DI) value
of 1, which served as an internal diploid standard and refe-
rence for DI calculation of the target epithelial cells. The
DI value of 1 corresponds with 2C or 2N (C for copy number
of the chromosomes and N for number of copies of the
chromosomes). DNA histograms representing the frequency
distribution of the DI values of the population of cells were
constructed using the ACIS DNA ploidy software. Digital
images and corresponding DI information from the nuclei
were stored and the user could easily navigate between
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individual nuclei and their exact position on the DNA
histogram.

The coefficients of correlation for two repetitive mea-
surements of the IOD values were greater than 0.9 for
both inter- and intra-observer reproducibility.12

Analysis of the DNA Histograms
DNA histograms are plots of DI values vs the number of cells.
The presence of peaks of cells with similar DI values and
distribution of cells along the histogram were identified.
When multiple peaks were present, DI of the most prominent
peak was considered. The DI of the peak was determined and
the peaks were labeled as diploid (DI 0.9–1.1), mild aneu-
ploid (DI 1.1–1.3), moderate aneuploid (DI 1.3–1.8), or
severe aneuploid (DI41.8). Severe aneuploidy included the
histograms with DI between 1.8 and 2.2, which were also
labeled tetraploid.

Heterogeneity index (HI) was defined by the number of
clusters of cells with IOD at 0.3 intervals in the histograms
and it was displayed as different columns (or bars) in the
histograms. Fraction of cells with DI exceeding 2.5 (5N) in
the histogram was calculated.

Statistical Analysis
All values are described as mean7s.d. One-way between-
groups ANOVA with a trend analysis (ie with groups treated
with ascending severity) were performed. A series of non-
parametric Kruskal–Wallis tests were also performed. Mean
values of two individual groups were compared using post
hoc Turkey and Fishers’s LSD tests for adjusting the P-values,
to protect them from multiple comparison effects. Both these
tests gave similar results. w2 test was used to compare
frequency distribution of categorical variable. The two-tailed
P-value of 0.05 or less was considered significant.

RESULTS
A total of 187 samples from 187 cases (all men) were included
in the study, which comprises 34 tissues from normal control
gastrointestinal mucosa (control) from colon, duodenum,
stomach and esophagus, 66 cases of Barrett’s SIM (including
38 cases with reparative atypia and 28 cases with non-
reparative atypia), 22 cases of LGD, 22 cases of HGD and 43
cases of BAC.

Patterns of DNA Histograms
High-fidelity DNA histograms incorporate two important
features, namely, DI of the peak and heterogeneity of cells
with different DI values including the 5N exceeding cellular
fraction. Figure 1 showed examples of different patterns of
DNA histograms that included a normal diploid histogram
with DI of the peak between 0.9 and 1.1 with normal HI
(1A); diploid histogram with increased HI (1B); mild aneu-
ploid (paradiploid aneuploidy) with DI of the peak between
1.1 and 1.3 (1C); moderate aneuploidy with DI of the peak
between 1.3 and 1.8 (1D); tetraploid aneuploid with the peak

DI between 1.8 and 2.2 (1E) and severe aneuploidy with peak
DI over 2.2 (1F). Tetraploid aneuploid cases are included in
the severe aneuploidy group with peak DI41.8. Note that
the main peaks were shorter and broader with worsening
aneuploidy. In some cases, multiple overlapping peaks could
be appreciated. Markedly elevated cellular DNA hetero-
geneity and 5N exceeding fractions were seen in many
aneuploid DNA histograms.

DNA Histograms in Normal Controls and Barrett-
Associated Lesions
Frequency and severity of aneuploidy
As summarized in Table 1, all normal controls were DNA
diploid; 20/66 (31%) of SIM, 4/22 (18%) of LGD and 2/22
(9%) of HGD were also diploid. Diploid histograms were not
seen in BAC. Note that majority of cases with SIM 46/66
(69%) were aneuploid and the frequency of aneuploidy
progressively increased with worsening dysplasia. All BAC
cases were aneuploid. The difference in diploidy vs aneu-
ploidy in different groups was significant (Po0.05), except
between SIM vs LGD and LGD vs HGD (P40.05).

The mean DI values of the peaks were significantly dif-
ferent in various groups (Po0.05), except between SIM and
LGD. The severity of aneuploidy increased with worsening
histological abnormality. Almost two-thirds of SIM and LGD
cases with aneuploidy had only mild aneuploidy. In contrast,
15/22 (68%) of HGD and 41/43 (95%) of cases with BAC had
moderate or severe aneuploidy. Severe aneuploidy was
seen in 3/22 (14%) of HGD and 18/43 (42%) of BAC. The
difference in the severity of aneuploidy between various
groups was statistically significant (Po0.05), except between
LGD and HGD (P40.05). F (linear trend) value¼ 67.83;
df¼ 4, 182. SIMo(LGD¼HGD)oBAC. One-way between-
groups ANOVA and Kruskal–Wallis ANOVA yielded similar
results.

Heterogeneity of the cellular DNA content
The high-fidelity DNA histograms provided a detailed view
of the distribution of cells with different DI values within a
histogram. HI was defined by the number of clusters of cells
with IOD at 0.3 intervals in the histograms. Mean7s.d. va-
lues of HI were 9.871.6, 16.473.2, 20.874.6, 2376.4, and
28.977.4, respectively, in the controls, SIM, LGD, HGD and
BAC. These values in various groups were significantly dif-
ferent (Po0.05), except between LGD and HGD (P40.05).

The upper normal cutoff value of HI was set at 13, which
represented mean72 s.d. of the HI in the normal controls.
Cases with elevated HI were arbitrarily divided into mild
elevation with HI values between 13 and 20, and severe ele-
vation with HI value greater than 20. The results are sum-
marized in Table 2. Note that all normal controls and 12/66
(18%) of SIM had normal HI. However, almost three-fourths
of SIM and almost all cases of dysplasia and BAC had ele-
vated HI. Moreover, the prevalence of severe heterogeneity
(HI 420) increased from 6/66 (10%) in SIM to 10/22 (46%)
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in LGD, 12/22 (54%) in HGD and 41/43 (95%) in BAC. The
groups differed significantly from each other regarding the
degree of HI elevation (Po0.05), except LGD and HGD
(P40.05). F (linear trend) value¼ 82.6; df¼ 4, 182. SI-
Mo(LHD¼HGD)oBAC. One-way between-groups ANO-
VA and Kruskal–Wallis ANOVA yielded similar results.

5N exceeding fraction
5N exceeding fraction is a component of the HI. The in-
creased scatter of cells with DI in the S phase (DI values
between 1.1 and 1.8) and G2 phase (DI values between 1.8
and 2.2) of the cell cycle may be because of increased pro-
liferation. However, cells with DNA content 45N cannot be
explained by increased normal proliferation of diploid cells
with G0/G1 peak. Therefore, we determined the 5N exceed-
ing fraction. The cases were divided into normal (o1%
cells), slightly abnormal (1–5% cells) and severely abnormal
(45% cells) 5N exceeding fractions. As shown in Table 3,
normal gastrointestinal control cells had no cell with DI

exceeding 5N. Prevalence of severely abnormal 5N exceeding
fraction progressively increased from 3/22 (5%) in SIM to
7/22 (32%) in LGD, 12/22 (54%) in HGD and 38/43 (88%)
in BAC. The groups differed significantly in regards to the
degree of 45N fraction (Po0.05) except SIM and LGD.
F (linear trend) value¼ 42.96; df¼ 3, 149 (SIM¼ LGD)o
HGDoBAC. Because the Turkey test only describes the
differences at 0.5 level only, we further compared mean values
of SIM and LGD using Fisher’s LSD test, which yielded a
P-value of 0.07, suggesting a tendency for these two groups
to differ.

Relationship between the degree of aneuploidy, HI and 5N
exceeding fraction
Severity of aneuploidy correlated well with the degree of
heterogeneity (Table 4). The prevalence of severely elevated
HI (420) was 1/60 (2%) in diploid, 9/50 (18%) in mildly
aneuploid, 38/56 (68%) in moderately aneuploid and 21/21
(100%) in severe aneuploid histograms (Po0.05 in different

Figure 1 Patterns of DNA histograms seen on ICS in Barrett’s-associated mucosal lesions. The image of the corresponding H&E-stained sections was shown

in the upper-right corner of the histogram (� 400). (a) Shows a normal diploid histogram with DI of the peak near 1, normal HI (o13) and no cells with DNA

45N. (b) Shows a diploid histogram with peak DI near 1, increased HI of 23 and 5.1% cells with DNA 45N. This pattern has been described as diploid peak

with right skewing. (c) Shows absence of a diploid peak that is replaced by an aneuploid peak with DI 1.3. This pattern represents mild aneuploidy or

paradiploid aneuploidy. Also note elevated HI of 20 and 2.6% 5N exceeding fraction. (d) Shows absence of a diploid peak and presence of a broad aneuploid

peak with DI of 1.7. This pattern is classified as moderate aneuploid. Also note an elevated HI of 24 and 5N exceeding rate of 12.2%. (e) Shows absence of a

diploid peak that is replaced by a broad aneuploid peak with DI of 2.01. This pattern, with peak DI between 1.8 and 2.2, was called tetraploid or tetraploid

aneuploid. Tetraploid pattern is a form of severe aneuploidy. Note that this histogram has a large HI of 39 and 33.6% cells with DI greater than 5N. (f) Shows

that there is no diploid peak. The aneuploid peak is broad and has a DI value of 2.7.This group includes all case with peak DI 42.2 and they are called severe

aneuploid. Also note this histogram has very elevated HI of 39. Most of the peak has DI values greater than 5N. 63.9% of cell in this histograms have DI

values greater than 5N. Normal diploid pattern was seen in all normal controls and some SIM cases. Diploid with increased heterogeneity was seen mostly in

SIM and LGD; mild aneuploidy was seen in all histological types, but most frequently in SIM and LGD; moderated aneuploidy was seen in all histological

types, but most commonly in HGD and BAC; and severe aneuploidy was seen primarily in HGD and BAC cases.
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groups). Similarly, 5N exceeding fraction rates o5% and
45% were also significantly different in different groups
(Po0.05).

There was a strong correlation among peak DI, HI and 5N
exceeding fraction. The colinearity had scores ranging
from 0.74 (peak DI and HI) to 0.87 (HI and 5N exceeding
fraction).

Overall, normal DNA histogram as established by find-
ings in normal control gastrointestinal mucosal cells was
characterized by diploid peak with DI between 0.9–1.1, DNA
content HI of o13 and no cell with DI exceeding 5N.

Barrett’s SIM showed a variety of different histograms. A
total of 6/66 (9%) cases showed normal DNA diploid histo-
grams without increased DNA content heterogeneity; 14/66
(22%) showed DNA diploid histograms with elevated HI
(413) (out of these one case had 45% 5N exceeding frac-
tion); 46/66 (69%) were aneuploid with mild aneuploidy

in 32/66 (48%) and moderate aneuploidy in 14/66 (21%). No
case had severe aneuploidy. 6/66 (10%) of SIM had severe
DNA content heterogeneity and 3/66 (5%) had marked
elevation of 5N exceeding fraction. Both severely elevated
HI and 5N exceeding rate were seen in 3/66 (5%) of SIM.

There was no difference in peak DI values in groups
of cases with reparative atypia or non-reparative atypia.
The peak DI was 1.2270.15 in cases with reparative atypia
(n¼ 38) and 1.2070.12 in cases with non-reparative atypia
(n¼ 28) (P40.05).

LGD cases showed similar to but more frequent and severe
abnormalities than SIM. No case showed normal diploid
DNA histogram; 4/22 (18%) showed diploidy with elevated
heterogeneity; 11/22 (50%) were mildly aneuploid; 7/22
(32%) were moderately aneuploid; no case had severe an-
euploidy. All cases had increased heterogeneity with 10/22
(46%) having marked heterogeneity and 7/22 (32%) having
markedly elevated 5N exceeding fraction. Both severely ele-
vated HI and 5N exceeding rate were seen in 7/22 (32%) of
the cases.

Table 2 Distribution of cases with different grades of cellular
DNA content heterogeneity index in different Barrett’s-
associated histological lesions

Groups n r13 (%) 14–20 (%) 420 (%)

Control 34 34 (100) 0 0

SIM 66 12 (18) 48 (72) 6 (10)

LGD 22 0 12 (54) 10 (46)

HGD 22 1 (5) 9 (41) 12 (54)

BAC 43 0 2 (5) 41 (95)

Total 187 47 71 69

The groups differed significantly with regard to the degree of HI elevation
(Po0.05), except between LGD and HGD (P40.05).

Table 1 Severity of aneuploidy in various Barrett’s-associated
histological lesions

Groups n Diploidy (%) Aneuploidy (%)

Total Mild Moderate Severe

Control 34 34 (100) 0 0 0 0

SIM 66 20 (31) 46 (69) 32 (48) 14 (21) 0

LGD 22 4 (18) 18 (82) 11 (50) 7 (32) 0

HGD 22 2 (9) 20 (91) 5 (23) 12 (54) 3 (14)

BAC 43 0 43 (100) 2 (5) 23 (53) 18 (42)

Total 187 60 127 50 56 21

The groups differed significantly in ploidy status (Po0.05), except SIM vs LGD
and LGD vs HGD (P40.05). The groups also differed significantly in the severity
of aneuploidy (Po0.05) except LGD and HGD (P40.05).

Table 3 Distribution of cells with 5N exceeding rate in
different Barrett’s-associated histological lesions

Groups n r1 (%) 1–5 (%) 45 (%)

Control 34 34 (100) 0 0

SIM 66 52 (79) 11 (16) 3 (5)

LGD 22 8 (36) 7 (32) 7 (32)

HGD 22 5 (23) 5 (23) 12 (54)

BAC 43 1 (3) 4 (9) 38 (88)

Total 187 100 27 60

The groups differed significantly with regard to the degree of 5N exceeding
rates (Po0.05), except between SIM and LGD (P40.05).

Table 4 Relationship between presence and severity of
aneuploidy and heterogeneity index and 5N exceeding
fraction

Groups n r20 (%) 420 (%) r5 (%) 45 (%)

Diploid 60 59 (98) 1 (2) 59 (98) 1 (2)

Mild aneuploid 50 41 (82) 9 (18) 46 (92) 4 (8)

Moderate aneuploid 56 18 (32) 38 (68) 22 (39) 34 (61)

Severe aneuploid 21 0 21 (100) 0 21 (100)

Total 187 118 69 127 60

The DNA histograms showing diploidy and various severities of aneuploidy
differed in regard to normal or mildly elevated HI vs severely elevated
(Po0.01). They also differed significantly with regard to normal or mildly
(o5%) and severely (45%) elevated 5N exceeding fractions (Po0.05).
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HGD cases showed more frequent and severer abnormal-
ities than LGD. No case showed a diploid DNA histogram;
2/22 (9%) showed diploidy with elevated heterogeneity;
5/22 (23%) were mildly aneuploid; 12/22 (54%) were mode-
rately aneuploid; and 3/22 (14%) were severely aneuploidy.
All cases had increased heterogeneity with 12/22 (54%)
having marked heterogeneity and 12/22 (54%) having
markedly elevated 5N exceeding fraction. Both severely
elevated HI and 5N exceeding rate were seen in 11/22 (50%)
of the cases.

BAC cases showed the severest DNA content abnormal-
ities. No case showed a diploid DNA histogram; 2/43 (5%)
were mildly aneuploid, 23/43 (53%) were moderately aneu-
ploid and 18/43 (42%) were severely aneuploidy. All cases
had increased heterogeneity with 41/43 (95%) having marked
heterogeneity and 38/43 (88%) having both markedly
elevated HI and 5N exceeding fraction.

DISCUSSION
This study shows that (1) high-fidelity DNA histograms
provide quantitative information on the presence and the
degree of aneuploidy, cellular DNA content heterogeneity
and 5N exceeding fractions; (2) the DNA histograms in SIM
are frequently abnormal; (3) most of the BAC have moderate
or severe aneuploidy, and frequency and grade of aneuploidy
increases with worsening histological grades of histological
dysplasia; (4) severely elevated DNA content heterogeneity
and 5N exceeding fraction (indicating unstable aneuploidy)
are seen in a few cases of SIM, many case with dysplasia and
most cases of BAC.

Accuracy and fidelity of the DNA histogram depends on
several factors. One of the important factors in obtaining
reliable DNA histograms is the proper selection of the test
sample. DNA histograms obtained with standard flow cyto-
metry (FC) suffer from inclusion of unknown quantities of
the non-epithelial cells in the test sample. In recent years,
attempts at better definition of the sample to be tested by FC
have included labeling of the cells of interest14 or selecting
laser dissected areas of interest. In ICS, the selected test
sample includes visually identified the epithelial cells in an
area of interest. The area of interest is marked on the H&E-
stained slide by a pathologist and the technician investigates
all the artifact-free epithelial cells in that area, thereby a
selection bias by the technician is eliminated.

The fidelity of the DNA histogram depends on the tech-
nique of cytometry. DNA histograms on FC focus on major
peaks of cells and overlook minor cell groups or single cells
with different DNA contents, and thereby underestimate
DNA content heterogeneity and 5N exceeding fraction of
cells.15,16 ICS may also miss rare events including the cells
exceeding 5N, unless special software is used.7 ICS using
ACIS provided high-fidelity DNA histograms that defined
presence and degree of aneuploidy, cellular DNA content
heterogeneity and 5N exceeding fractions.

Increased cellular DNA heterogeneity with a diploid G0/
G1 peak may result from elevated S- or G2-phase fractions
associated with increased normal proliferation. However,
cellular DNA heterogeneity associated with aneuploid G0/G1
peak itself may result from elevated heterogeneity of the cells
in the G0/G1 phase of the cell cycle or overlapping clones of
new aneuploid cells. We found that severely elevated cellular
DNA heterogeneity is associated with severely elevated
5N exceeding fraction. The 5N exceeding fraction in the
interphase nuclei is always abnormal and may represent: (1)
aneuploid cells in S or G2 phases; (2) severely aneuploid cells
in G0/G1 phase; (3) diploid cells in second S phase during
endoreplication; (4) product of diploid cells with unbalanced
anaphase including G2 phase of the larger segment and
second S phase of the smaller segment. More recently, studies
in breast cancer have shown that the so-called ‘scatter index’
that represents cellular DNA content heterogeneity and 5N
exceeding fraction on high-fidelity DNA histograms may be
markers of increased chromosomal instability and worse
clinical outcome.6,17

High-fidelity DNA histograms showed that the DNA
content abnormalities in SIM are far more common than
appreciated previously by standard FC.18 This study found
that majority (46/66, 69%) of the cases with SIM was aneu-
ploid. Moreover, almost one-half of the SIM cases with di-
ploid histogram had elevated heterogeneity index. The aneu-
ploid cases were only mildly or moderately aneuploid.
Interestingly, HI was elevated in majority (54/66, 82%) of
the SIM cases. These observations suggested that elevation
of heterogeneity might be an early abnormality in SIM. A
small number (3/66, 5%) of SIM also showed aneuploidy
with severely elevated HI and 5N exceeding fraction; these
cases may represent cases of unstable aneuploidy and pro-
gressive lesions. The high incidence of DNA histogram ab-
normality in SIM in high-fidelity histograms is consistent
with the finding of high incidence of chromosomal changes
in Barrett’s SIM without dysplasia. Walch and co-workers
reported that there was an average of seven chromosomal
imbalances per case in SIM.19 These studies suggest that,
although called metaplasia, SIM should in fact be considered
as dysplasia.19 All cases with non-dysplastic SIM showed
some degree of atypia.2 The non-dysplastic SIM cases in-
cluded cases that may be considered as having reparative
crypt cell atypia. Such cases were identified by the presence of
ulceration, erosion or inflammatory changes.2 We found no
difference in the mean peak DI content of nuclei in cases with
reparative atypia or non-reparative atypia. Further studies are
needed to determine whether repair or inflammatory pro-
cesses per se are associated DNA content abnormalities.16

The term ‘dysplasia’ implies a premalignant neoplasm that
is an intermediate stage between normal epithelium and
cancer. It is usually defined morphologically, however, his-
tological grading of dysplasia is in part arbitrary and sub-
jective and, therefore, suffers from a high-degree of inter- and
intra-observer variability.20 Steinbeck and co-workers have
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suggested that dysplasia may be better defined by the
DNA aneuploidy determination.16 This view is supported by
the observations that hyperplasia that may resemble LGD
on histology, can be distinguished from LGD by DNA histo-
grams.16 Moreover, DNA ploidy analysis has the advantage
of defining dysplasia at a mechanistic level and providing
objective results. Studies are needed to determine whether
high-fidelity DNA histogram and histological evaluation
together may provide a better measure of severity of
dysplasia. Morphological studies have suggested that a
fraction of cases with LGD and HGD progress to BAC.18,21 It
is possible that the presence of unstable aneuploidy in the
DNA histogram may identify cases of LGD or HGD that are
at risk of progression to cancer. Planned prospective studies
are needed to test this hypothesis.

High-fidelity DNA histograms also showed that all the
BAC investigated had moderate or severe aneuploid. These
results are different from studies that used standard FC to
detect aneuploidy. By standard FC, only about half to two-
thirds (40–69%) of the cases of BAC have been reported to be
aneuploid.22,23 This difference may be due to a high false
negative rate for FC in diagnosing aneuploidy. Several studies
in other carcinomas such as breast have reported that many
cancers that were reported to be diploid on standard FC were
found to be aneuploid by image cytometry.24 Cellular DNA
heterogeneity, scatter index or elevated 5N exceeding fraction
in BAC were not reported in earlier studies using low-fidelity
DNA histograms. The high-fidelity DNA histograms revealed
that a majority (38/43, 88%) of the cases of BAC had both
severely elevated HI and 5N exceeding fraction. These cases
may represent cases with unstable aneuploidy that mark
progressive cancers. The very high rate of unstable aneu-
ploidy in BAC may be consistent with its progressive nature
and poor clinical outcome.1

In conclusion, ICS provides high-fidelity DNA histograms
that provide precise information on the presence and the
degree of aneuploidy, cellular DNA content heterogeneity
and 5N exceeding fraction. These studies show that Barrett’s
SIM has a high prevalence of DNA aneuploidy which is
consistent with its neoplastic nature. BAC has a very high
prevalence of severe unstable aneuploidy that is consistent
with the highly aggressive nature of this cancer.1 Cases with
SIM and dysplasia have progressively increasing frequency
and severity of aneuploidy and ‘unstable aneuploidy’ that
may serve as clinical markers of progression to cancer.
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