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The goal of this study was to identify a set of fluores-
cence in situ hybridization probes for the detection of
dysplasia and adenocarcinoma in patients with Bar-
rett’s esophagus. We examined 170 brushing speci-
mens from 138 patients with Barrett’s esophagus or a
history of Barrett’s esophagus using fluorescence in
situ hybridization with probes to 5p15, 5q21-22, cen-
tromere 7, 7pl2, 8q24.12-13, centromere 9, 9p21,
centromere 17, 17p13.1, 17q11.2-12, 20q13.2, and
centromere Y. Receiver-operator curves were used to
determine the sensitivity and specificity of various
four-probe combinations for detecting low-grade dys-
plasia, high-grade dysplasia, and esophageal adeno-
carcinoma. Endoscopic biopsy results were used as
the gold standard. Numerous four-probe combina-
tions provided a similarly high sensitivity and speci-
ficity. Of these, a set consisting of probes to 8q24,
9p21, 17q11.2, and 20q13.2 was found to have a sen-
sitivity and specificity, respectively, of 70% and 89%
for low-grade dysplasia, 84% and 93% for high-grade
dysplasia, and 94% and 93% for esophageal adeno-
carcinoma. This probe set was chosen for future
prospective clinical evaluations based on its high sen-
sitivity and specificity, its ability to distinguish ade-
nocarcinoma and high-grade or low-grade dysplasia
from lesser diagnostic categories, and the favorable
signal quality for each of the probes. (J Mol Diagn
20006, 8:260-267; DOI: 10.2353/jmoldx.2006.050118)

The majority of esophageal adenocarcinomas is thought
to arise in patients with Barrett's esophagus. Barrett’s
esophagus is a preneoplastic condition caused by meta-
plasia of the normal squamous mucosa of the distal
esophagus into specialized intestinal mucosa containing
goblet cells.” Individuals with Barrett's esophagus have a
30- to 60-fold elevated risk of developing adenocarci-
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noma and develop adenocarcinoma at a rate of ~0.5 to
1.0% per year of follow-up.?~®

The American College of Gastroenterology has recom-
mended that Barrett's esophagus patients be monitored
for the development of dysplasia and adenocarcinoma
by undergoing regular endoscopic examinations of the
esophagus and obtaining four-quadrant biopsies for ev-
ery 1to 2 cm of affected esophagus.®’ However, there
are problems associated with the use of biopsies for
monitoring Barrett's esophagus patients for the develop-
ment of neoplasia including: 1) limited sampling of the
affected mucosa leading to false-negative biopsy re-
sults,® 2) lengthy procedure time required to take four-
quadrant biopsies every 1to 2 cm,” 3) poor interobserver
reproducibility of pathologists for the diagnosis of dys-
plasia,® and 4) relatively poor ability of histological find-
ings to predict which patients are likely to progress to
adenocarcinoma.'® Assays that improve the ability to
accurately detect dysplasia and esophageal adenocar-
cinoma as well as predict which patients will progress to
adenocarcinoma could markedly improve the clinical
management of these patients. Conventional cytology is
not routinely performed on endoscopic brushings ob-
tained from patients with Barrett's esophagus in most
institutions, and there are relatively few studies that have
addressed the sensitivity and specificity of cytology for
the detection of dysplasia and adenocarcinoma in pa-
tients with Barrett's esophagus. However, a study by Falk
and colleagues’’ demonstrated that balloon cytology
had a sensitivity of 80% for the detection of high-grade
dysplasia and adenocarcinoma, a sensitivity of 25% for
low-grade dysplasia, and a specificity of 95%.

Fluorescence in situ hybridization (FISH) is a technique
that utilizes fluorescently labeled DNA probes to detect
chromosomal abnormalities. FISH is increasingly used by
cytologists to identify neoplastic cells in various cytolog-
ical specimens and has been shown to be more sensitive
than conventional cytology for the detection of bladder
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Table 1. Fluorescence in Situ Hybridization Probe Sets
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Probe set

Fluorophore

Spectrum Red

Spectrum Green

Spectrum Aqua Spectrum Gold

[ LSI 9p21 (P16) LSI 5p15 CEP 9 LSI 5g21-22 (APC)
I CEP Y LSI 17g11.2-12 (HER-2/NEU) CEP17 LSI 17p13.1 (P53)
I LSI 20q13.2 LS| 8q24.12-13 (C-MYC) CEP 7 LSl 7p12 (EGFR)

Centromere enumeration (CEP) and locus-specific indicator (LSI) probes along with the corresponding fluorophore.

cancer in urine specimens and biliary tract malignancy in
endoscopic brushing specimens of the biliary tract.''°
FISH performed on esophageal brushing specimens may
offer a more practical and accurate surveillance tool for
patients with Barrett’'s esophagus because endoscopic
brushing specimens can be obtained more rapidly than
four-quadrant biopsies and can sample a larger percent-
age of the affected area.’® ¢

Studies that used FISH to detect bladder cancer in
urine specimens used a probe set that was tailored spe-
cifically for the detection of bladder cancer.'” Different
malignancies, although sharing certain genetic alter-
ations (eg, 17p13.1 deletions and P53 mutations are
common in most solid tumor types), have a profile of
genetic alterations that are characteristic of that particu-
lar malignancy.'® Numerous studies have identified com-
mon genetic alterations associated with low-grade dys-
plasia, high-grade dysplasia, and adenocarcinoma in
patients with Barrett's esophagus. Genes or genetic loci
that have been found to be frequently altered include
3p21, 5p15, 5g21-22, EGFR (7p12), 7936.1, C-MYC
(8024.12-13), P16 (9p12), P53 (17p13.1), HER-2/NEU
(17g11.2-12), 20g13.2, and the Y chromosome.'®~°

The primary goal of this study was to develop a multi-
target, multicolor FISH assay that could detect dysplasia
and esophageal adenocarcinoma, as well as differentiate
low-grade dysplasia from high-grade dysplasia/adeno-
carcinoma. To accomplish this, we performed FISH with
12 fluorescently labeled probes targeting chromosomal
loci shown to be frequently altered in patients with Bar-
rett’s associated neoplasia on endoscopically obtained
brushing specimens from Barrett's esophagus patients
with biopsy-proven dysplasia or adenocarcinoma. Data
collected from this study were then used to identify a
four-probe combination with the potential to provide high
sensitivity and specificity for the detection of dysplasia
and esophageal adenocarcinoma.

Materials and Methods

Patients

Institutional review board approval was obtained for this
study, and informed consent was acquired from all en-
rolled patients. One hundred seventy specimens were
collected from 122 male and 16 female patients seen at
the Mayo Clinic, Rochester, MN, from September 2002
through December 2003 who either had a previous his-
tory of Barrett’s esophagus or had Barrett's esophagus at
the time of enrollment. Patient age ranged from 31 to 87
years.

FISH Probes

Probes were labeled with Spectrum Red, Spectrum
Green, Spectrum Aqua, or Spectrum Gold fluorophores
and placed into one of three four-probe sets (Table 1).
Chromosome enumeration probes hybridize to the peri-
centromeric regions of a chromosome and allow one to
determine the number of copies of a given chromosome
in a cell. Locus-specific indicator probes are generally
used to asses for deletions, gains, or amplification of
specific genes.

Specimen Collection and Histological
Classification

During endoscopy, a cytology brush (Hobbs Medical
Inc., Stafford Springs, CT) was swept over the entire
observed area of Barrett's esophagus. The brush was
then placed into a vial containing 20 ml of PreservCyt
solution (Cytyc Corp., Marlborough, MA). Four-quadrant
biopsies were obtained every 1 cm of affected esopha-
gus; some patients also had endoscopic mucosal resec-
tion. Patients with multiple biopsies or biopsies with en-
doscopic mucosal resection were categorized according
to the most advanced histological lesion observed. The
histological diagnoses for the 170 specimens in the study
were normal squamous epithelium (n = 34), intestinal
metaplasia (n = 28), low-grade dysplasia (n = 24), high-
grade dysplasia (n = 67), and esophageal adenocarci-
noma (n = 17).

Endoscopic Brushing Processing

Endoscopic brushing specimens were processed by
washing the brush with 40 ml of 3:1 methanol:glacial
acetic acid fixative solution. Cells were sedimented at
800 X g for 8 minutes. The supernatant was removed and
the cell pellet was resuspended in 10 ml of 3:1 methanol:
glacial acetic acid fixative solution. The cells were then
sedimented again at 300 X g for 8 minutes. All but ~100
wl of the supernatant was removed. The cell pellet was
then resuspended and slides were prepared.

Slide Preparation

Approximately 3 ul of the cell pellet suspension was
pipetted onto three etched 1-cm rings (Gold Seal, Ports-
mouth, NH), one ring for each of the three probe sets.
Cellularity was assessed with a phase contrast micro-
scope. Additional cell suspension was added to the slide
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until adequate cellularity was reached (ie, the highest
number of cells possible per ring with minimal cell over-
lap) or until the cell pellet was exhausted.

FISH

FISH pretreatment and hybridization were performed as
previously described' with the following modifications:
1) the pepsin concentration was 0.05 mg/ml rather than
0.5 mg/ml, and 2) instead of separately denaturing the
probe and target DNA before hybridization, the probe
and target DNA were co-denatured in a Vysis HYBrite
denaturation/hybridization system at 73°C for 3 minutes
and then incubated overnight at 37°C.

Enumeration of FISH Signals

FISH signal enumeration was performed without knowl-
edge of the patient’'s clinical or histological diagnosis.
The specimen was analyzed under a fluorescence micro-
scope using single bandpass filters (Abbott Molecular,
Des Plaines, IL) specific for DAPI (4,6-diamidino-2-phe-
nylindole), Spectrum Aqua, Spectrum Green, Spectrum
Gold, and Spectrum Red fluorescence. The number of
FISH signals for each probe was recorded in a minimum
of 50 consecutive noninflammatory, nonsquamous cells.
Sqguamous cells were enumerated only for the occasional
case in which no other cell types were present. One
hundred cells were enumerated per hybridization when
possible. One hundred cells could be enumerated for all
three probe sets for 147 of the 170 specimens in this
study.

Analysis of Enumeration Data

Each cell analyzed was categorized as either normal (ie,
having the anticipated complement of FISH signals) or
abnormal (ie, having a gain or loss of the anticipated
number of FISH signals). The normal complement of FISH
signals for the 11 autosomal loci is two signals. Gain of a
locus (greater than two FISH signals) or loss of a locus
(less than two FISH signals) was considered abnormal.
For centromere Y, one copy of the centromeric sequence
was normal, while two or more signals indicated gain and
zero signals indicated loss. Enumeration data for female
patients were excluded for calculations involving the Y
chromosome.

The sensitivity and specificity of individual probes and
different probe combinations for the detection of low-grade
dysplasia, high-grade dysplasia, and/or adenocarcinoma
at varying cutoffs for gain or loss were determined and
plotted using receiver-operator characteristics (ROC)
curves. For probe combinations, cutoffs were varied inde-
pendently for each probe to identify sets of cutoffs that
provided a good balance of sensitivity and specificity. Be-
cause this generates multiple sensitivity values for each
specificity value, only the highest sensitivity value at each
specificity value was plotted.

CEP 9

5q21-22

Figure 1. Representative examples of genetic alterations detected by FISH
on cells obtained by esophageal brushing during endoscopy. A: Hybridiza-
tion of probe set I, arrows showing hemizygous 9p21 deletion (single red
signal per cell). B: Hybridization of probe set III, showing isolated gain of
8q24.12-13 (greater than two green signals). C: Hybridization of probe set III,
arrow showing gains of multiple probes. See Table 1 for a description of
each probe set.

Results

A variety of chromosomal alterations were detected by
FISH in the cells obtained by endoscopic brushing
(Figure 1). These alterations were broadly categorized
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Figure 2. Average percentage of cells in the brushing specimens with loss (A) or gain (B) for each locus within the different histological categories.

either as loss or gain. Figure 2 shows the average
percentage of cells with loss (Figure 2A) and gain
(Figure 2B) for all loci according to histological cate-
gory. There was a large increase in the percentage of
cells showing loss of 9p21, 17p13.1, and the Y chro-
mosome with progression from benign squamous epi-
thelium to high-grade dysplasia (Figure 2A). However,

there was little additional increase observed in the
percentage of cells showing loss of 17p13.1 and the Y
chromosome and a decrease in the percentage of cells
showing loss of 9p21 with progression from high-grade
dysplasia to adenocarcinoma. The other loci examined
did not show high percentages of cells with loss in any
of the histological categories.
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Figure 3. ROC curve of 9p21 loss for the detection of low-grade dysplasia
relative to normal squamous epithelium. The filled circles along the curve
represent the sensitivity and specificity for low-grade dysplasia that would be
obtained in this cohort of patients using different cutoffs. The numbers
shown at each point along the curve refer to the percentage of cells that
would have to exhibit 9p21 loss for a specimen to be considered positive for
low-grade dysplasia.

Figure 2B demonstrates that there was a large in-
crease in the percentage of cells showing gain of 5p15,
CEP 7, 7p21,8924.12-13, CEP 17, 17911.2, and 20g13.2
with progression from benign squamous epithelium to
high-grade dysplasia. Additional increases in the per-
centage of cells showing gains of 5p15, 7p12, CEP 17,
and 17911.2-12 were observed with progression from
high-grade dysplasia to adenocarcinoma. Four of the
probes, 5g21-22, 9p21, 17p13.1, and centromere Y, did
not show high percentages of gain within any of the
histological categories.

ROC curves were generated for each probe, for both
gain and loss, to determine the sensitivity and specificity
of different cutoff values for the detection of low-grade
dysplasia, high-grade dysplasia, and adenocarcinoma.
The ROC curve of 9p21 loss for the detection of low-
grade dysplasia is shown in Figure 3. This curve reveals
that a cutoff of 8% or more cells with 9p21 loss is asso-
ciated with a sensitivity of 60% and a specificity of 95%
for the detection of low-grade dysplasia. A representative
ROC curve for locus gain, 8g24.12-13 gain for the detec-
tion of high-grade dysplasia/adenocarcinoma, is shown
in Figure 4. This curve reveals that a cutoff of 4% or more
cells with 8g24.12-13 gain is associated with a sensitivity
of 65% and a specificity of 100% for the detection of
high-grade dysplasia/adenocarcinoma.

ROC curves were also generated for numerous differ-
ent four-probe combinations to determine the sensitivity
and specificity for low-grade dysplasia, high-grade dys-
plasia, and adenocarcinoma detection. One of the best
performing four-probe combinations consisted of probes
to9p21, 8924.12-13, 17911.2-12, and 20q13.2. The ROC
curves of this probe set for the detection of low-grade
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Figure 4. ROC curve of gain of 8q24.12-13 for the detection of high-grade
dysplasia and esophageal adenocarcinoma relative to normal squamous
epithelium. The numbers shown at each filled circle along the curve refer
to the percentage of cells that would have to exhibit 8q24.12-13 gain for a
specimen to be considered positive for high-grade dysplasia or esophageal
adenocarcinoma.

dysplasia, high-grade dysplasia, and adenocarcinoma
relative only to patients with normal squamous mucosa
are shown in Figure 5. In addition, ROC curves of this
probe set for the detection of high-grade dysplasia/ade-
nocarcinoma relative to all lower diagnoses (ie, low-
grade dysplasia, intestinal metaplasia, and normal squa-
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Figure 5. ROC curves of a 9p21, 8q24.12-13, 17q11.2, and 20q13.2 probe
combination for the detection of low-grade dysplasia (inverted filled tri-
angles), high-grade dysplasia (open circles), and esophageal adenocarci-
noma (filled circles) relative to normal squamous epithelium. The ROC
curve of this probe set for low-grade dysplasia used 9p21 loss and gain of the
other loci as the criterion for abnormality. The ROC curve of this probe set for
high-grade dysplasia and esophageal adenocarcinoma used chromosomal
gains for all loci as the criterion for abnormality.
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Figure 6. ROC curves of a 9p21, 8q24.12-13, 17q11.2, and 20q13.2 probe
combination for the detection of combined high-grade dysplasia and esoph-
ageal adenocarcinoma relative to the lower diagnoses of low-grade dyspla-
sia, intestinal metaplasia, and normal squamous epithelium (filled circles),
and detection of low-grade dysplasia relative to the combined diagnoses of
intestinal metaplasia and normal squamous epithelium (open circles).

mous mucosa) and of low-grade dysplasia relative to all
lower diagnoses are shown in Figure 6.

Discussion

In this study, we demonstrate the ability of FISH to detect
chromosomal alterations in cells collected from endo-
scopic brushings and identify a probe set that has high
sensitivity and specificity for the detection of dysplasia
and adenocarcinoma in patients with Barrett’'s esopha-
gus. In addition, we demonstrate that this probe set dis-
criminates patients with high-grade dysplasia/adenocar-
cinoma from those with low-grade dysplasia.

Brushing specimens taken from patients with low-
grade dysplasia had high percentages of cells with 9p21,
17p13.1, and centromere Y loss but relatively low per-
centages of cells with chromosomal gains (Figure 2, A
and B). In contrast, brushing specimens taken from pa-
tients with high-grade dysplasia and adenocarcinoma
had high percentages of cells with chromosomal gains of
most loci examined except for 5921-22, 9p21, 17p13.1,
and centromere Y (Figure 2B). The percentage of cells
with gain increased with disease progression from squa-
mous epithelium to adenocarcinoma for all loci but was
most pronounced for 5p15, CEP 7, 7p21, 8g24.12-13,
CEP 17, 17911.2-12, and 20q13.2. The largest increase
in the percentages of cells showing gain occurred at the
low-grade dysplasia to high-grade dysplasia transition.
These findings are consistent with studies that have
shown that 9p21 (P76) and 17p13.1 (P53) loss occur
early in the development of Barrett’'s associated neopla-
sia and that the progression of low-grade dysplasia to
high-grade dysplasia is accompanied by a significant
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increase in chromosomal instability and the appearance
of aneuploidy.®31:32

A ROC curve of 9p21 loss for the detection of low-
grade dysplasia was performed because this is a fre-
quent alteration observed in low-grade dysplasia (Figure
3). This curve reveals that in our cohort of patients a cutoff
of greater than or equal to 9% cells with 9p21 loss yields
a sensitivity of ~45% for the detection of low-grade dys-
plasia with 100% specificity. The 55% false-negative rate
for low-grade dysplasia at this cutoff could be due to the
fact that inactivation of the P76 tumor suppressor gene is
frequently caused by hypermethylation of the P16 pro-
moter rather than P76 allelic loss.332° Other possible
explanations for false-negative results of 9p21 loss for
low-grade dysplasia include inadequate sampling or the
possibility that the low-grade dysplasia arose through
chromosomal alterations not involving the 9p21 locus.

Because chromosomal gains are a frequent occur-
rence in high-grade dysplasia and esophageal adeno-
carcinoma, we performed ROC curves to determine the
sensitivity and specificity of gains of individual loci to
detect high-grade dysplasia and adenocarcinoma. The
ROC curve of 8g24.12-13 gain for the detection of high-
grade dysplasia and adenocarcinoma is shown as a
representative example (Figure 4). This curve reveals that
in our cohort of patients a cutoff of greater than or equal
to 4% of cells with 8g24.12-13 gain is associated with a
sensitivity of ~65% and a specificity of 100% for the
detection of high-grade dysplasia and esophageal
adenocarcinoma.

Previous studies have shown that the sensitivity and
specificity of a FISH assay for the detection of cancer
increases by increasing the number of probes used in the
probe set.’*36 However, there is a point of diminishing
returns at which the inclusion of additional probes does
not provide significant increases in the overall sensitivity
of the assay.®® Furthermore, it is currently not possible to
have more than four different visually distinguishable flu-
orophores in a single FISH probe set due to spectral
overlap in the excitation and emission spectra of the
different fluorescent labels. Because the goal of this
study was to identify a four-probe set that would provide
optimal sensitivity and specificity for the detection of
dysplasia and esophageal adenocarcinoma in patients
with Barrett's esophagus, ROC curves for various four-
probe combinations were performed. This analysis re-
vealed a number of four-probe combinations that provide
similarly high sensitivities and specificities for the detec-
tion of dysplasia and esophageal adenocarcinoma.

One of the best performing four-probe combinations
consisted of probes to 9p21, 8g24.12-13, 17g11.2-12,
and 20g13.2 (Figure 5). We have chosen this probe set
for future evaluation. Because a number of different four
probe combinations provided similar sensitivity and
specificity, the decision to use these four probes in a final
probe set was based on several factors including: 1)
probe hybridization quality, 2) the ability of the probe(s)
to distinguish high-grade dysplasia and adenocarcinoma
from low-grade dysplasia, and 3) the potential for the
probe(s) to provide additional prognostic and therapeutic
information. The 9p21, 8g24.12-13, 17g11.2-12, and
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20013.2 probes have all been shown to provide good
signals and a lack of cross-hybridization. Three of these
four probes hybridize to chromosomal regions that har-
bor known or putative oncogenes. The inclusion of
probes primarily for oncogenes rather than tumor sup-
pressor genes was based on previous studies that show
that the finding of a small number of cells with chromo-
somal gains is a more specific indicator of neoplasia
(dysplasia and adenocarcinoma) than chromosomal
losses because normal cells frequently exhibit artifactual
loss due to signal overlap or incomplete hybridization.
Nonetheless, one of the four probes chosen for inclusion
in the four probe set, the 9p21 probe, hybridizes to the
P16 tumor suppressor gene region. This probe was cho-
sen because it provides reasonably good discrimination
between patients with low-grade dysplasia and patients
with high-grade dysplasia/adenocarcinoma (Figure 6).
Finally, locus-specific probes were chosen over centro-
meric probes because they have the ability to provide
prognostic and therapeutic information that is not pro-
vided by centromeric probes. For example, the HER-2
probe might be useful should Herceptin or other anti-
Her-2 therapies become useful for the treatment of Bar-
rett’'s esophagus associated neoplasia.

The sensitivity and specificity of a probe set for the
detection of low-grade dysplasia, high-grade dysplasia,
and esophageal adenocarcinoma depends on the cutoff
values that are used and can be chosen according to
whether one desires to optimize sensitivity or specificity
or to maintain a balance between sensitivity and speci-
ficity. For the combination of 8g24.12-13, 9p21, 17g11.2-
12, and 20913.2, Figure 5 predicts a sensitivity and spec-
ificity, respectively, of 70% and 89% for the detection of
low-grade dysplasia, 84% and 93% for the detection of
high-grade dysplasia, and 94% and 93% for the detec-
tion of esophageal adenocarcinoma can by achieved
with respect to specimens with normal squamous epithe-
lium. Additionally, the data from Figure 6 suggests that
this probe set can discriminate high-grade dysplasia and
adenocarcinoma from low-grade dysplasia and lesser
diagnoses with a sensitivity and specificity of ~80% and
can discriminate low-grade dysplasia from lesser diag-
noses (intestinal metaplasia and benign squamous epi-
thelium) with a sensitivity and specificity of ~70%. The
lower specificities of the probe set observed in the curves
in Figure 6 relative to those shown in Figure 5 is due to the
fact that Figure 6 addresses the ability of the probe set to
discriminate between similar conditions (ie, high-grade
and low-grade dysplasia in the upper curve, low-grade
dysplasia and intestinal metaplasia in the lower curve)
whereas Figure 5 addresses the ability of the probe set to
discriminate dysplasia or adenocarcinoma from normal
specimens.

Several groups have begun to explore the possibility of
using FISH to detect Barrett’s associated neoplasia using
endoscopic brushing specimens obtained from patients
undergoing surveillance for Barrett's esophagus.'®3’
These studies have shown that FISH can successfully
identify neoplastic cells in endoscopic brushing speci-
mens. Although previous studies have shown an ability to
detect adenocarcinoma or dysplasia relative to normal

specimens, this is the first study demonstrating the ability
of a probe set to distinguish between the more advanced
diagnoses of esophageal adenocarcinoma and high-
grade dysplasia, and the lesser diagnoses of low-grade
dysplasia, intestinal metaplasia, and normal squamous
epithelium (Figure 6). This distinction is critical from a
patient care perspective because a diagnosis of high-
grade dysplasia is often the point at which aggressive
corrective procedures such as esophagectomy are
performed.

In conclusion, we have identified a set of FISH probes
consisting of locus-specific probes to 8g24.12-13, 9p21,
17911.2-12, and 20g13.2 with the potential to provide
high sensitivity and specificity for the detection of Bar-
rett's associated neoplasia and to differentiate high-
grade dysplasia/adenocarcinoma from low-grade dys-
plasia. However, blinded prospective studies are needed
to further assess the performance characteristics of this
specific probe set and to define how results obtained with
the probe set would be used to alter the clinical manage-
ment of patients with Barrett’'s esophagus.
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