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Abstract

Background: Barrett’s esophagus (BE) affects up to |2 million Americans and confers an in-
creased risk for development of esophageal adenocarcinoma (EAC). EAC is often fatal unless
detected early. Given the high prevalence, high cost of surveillance and relatively low risk of most
affected individuals, identification of high-risk patients for additional scrutiny, regular surveillance,
or ablative therapy is crucial. The exploration of “field effect” by probing uninvolved esophageal
mucosa to predict the risk of EAC has the potential as an improved surveillance and prevention
strategy. In this study, we evaluate the ability of nuclear nano-architecture markers from normal
squamous esophagus and gastric cardia to detect the “field effect” of esophageal dysplasia and
EAC, and their response to endoscopic therapy.

Methods: Patients with normal esophagus, gastroesophageal reflux, BE and EAC were eligible for
enrollment. We performed endoscopic cytology brushings of the gastric cardia, ~1-2 cm below the
gastroesophageal junction, and of the normal squamous esophageal mucosa at ~20 cm from the
incisors and standard cytology slides were made using Thinprep method. Optical analysis was
performed on the cell nuclei of cytologically normal-appearing epithelial cells.

Results: The study cohort consisted of 128 patients. The nuclear nano-architecture markers
detected the presence of esophageal dysplasia and EAC with statistical significance. The field effect
does not exhibit a spatial dependence. These markers reverted toward normal in response to
endoscopic therapy.

Conclusions: Optical analysis of gastric cardia and upper squamous esophagus represents a

potentially viable method to improve risk stratification and ease of surveillance of patients with
Barrett’s esophagus and to monitor the efficacy of ablative therapy.

Key words: nuclear architecture, nanoscale, esophagus, dysplasia, field effect.

INTRODUCTION
Esophageal adenocarcinoma (EAC) is often fatal, =~ vanced cancer. If cancer is detected at an early stage,
with a dismal 5-year survival rate of 13% for ad- however, the 5-year survival can be as high as 83-90%
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[1]. Thus, early detection and regular surveillance in
high-risk patients is crucial. Critical in this detection is
the initial identification of Barrett’s esophagus (BE), a
premalignant condition affecting the esophagus
which is the only known precursor of EAC. Given that
BE affects up to 12 million Americans [2, 3], endo-
scopic screening and surveillance of individuals at
risk has major economic implications. Current guide-
lines recommend that patients with BE undergo en-
doscopic surveillance every 3 to 5 years in the absence
of dysplasia, and more often if dysplasia is identified.
The standard surveillance protocol includes an upper
endoscopy and intensive, four-quadrant random bi-
opsies every 1-2 cm along the entire length of Barrett’s
mucosa followed by pathological examination to
identify dysplasia or adenocarcinoma. Such an inva-
sive approach requires extensive procedure time and
expense, and is still associated with a significant
false-negative rate. As only ~1 case out of 860 pa-
tient-years progress from BE to EAC [4], surveillance
of all of the affected BE patients with such a protocol
is not cost-effective or practical [5]. More reliable and
cost-effective methods of identifying high risk pa-
tients are urgently needed.

The exploration of “field effect” by probing the
uninvolved, normal-appearing mucosa to predict the
risk of esophageal dysplasia and EAC has the poten-
tial as an improved surveillance and prevention
strategy. The gastric cardia and upper squamous
esophageal mucosa may serve as alternative locations
to assess the state of the cancer field in esophageal
dysplasia and neoplasia, as both sites are easily ac-
cessible endoscopically and do not interfere with bi-
opsies. Several biomarkers have been reported to de-
tect the “field effect” of Barrett’s-associated EAC, such
as gene expression signatures [6], epigenetic changes
[7] and metabolic profiling [8]. On the other hand, the
nanoscale structural properties (also known as
nano-architecture or nano-morphology) of the cell or
cell nucleus, as a manifestation of complex molecular
changes [9-11], have emerged as a new promising
class of “biomarker” to identify pre-cancerous
changes [12, 13]. It was reported that cellular
nano-architectural changes early in carcinogenesis can
precede microscopically detectable cytological ab-
normalities [14, 15]. The nanoscale structural proper-
ties have also shown promise in detecting the “field
effect” of several types of cancers, such as breast [16],
colorectal [17-19], lung [20] and pancreatic [21].

In this study, we evaluate the ability of
nano-architecture markers of cell nucleus from epi-
thelial cells obtained by cytology brushings from both
normal squamous esophageal mucosa and gastric
cardia, to detect the “field effect” of esophageal dys-
plasia and EAC. These nano-architecture markers

were derived from a recently developed novel optical
microscopy technique - Spatial-domain
Low-coherence Quantitative Phase Microscopy
(SL-QPM) - capable of detecting structural changes in
the cell nucleus at a sensitivity of 1 nm [11, 15, 16, 18,
22-25] and can be used to analyze the standard cy-
tology and histology specimens. Further, we also
evaluate how these nuclear nano-architecture markers
change in response to endoscopic therapy.

MATERIALS AND METHODS

Human Specimens

The study was performed with the approval of
the institutional review board at the University of
Pittsburgh. Patients undergoing scheduled elective
upper endoscopy or endoscopic ultrasound to evalu-
ate gastroesophageal reflux disease (GERD), Barrett’s
or EAC at University of Pittsburgh Medical Center
Presbyterian Shadyside Hospital (tertiary care center)
were recruited to this study. Patients included those
with normal esophageal mucosa (squamous), GERD,
intestinal metaplasia, low-grade dysplasia (LGD),
high-grade dysplasia (HGD) and EAC.

Representative epithelial cells were obtained via
endoscopic cytology brushings from both the gastric
cardia located at ~1-2 cm below the gastroesophageal
(GE) junction and normal squamous mucosa at ~20
cm from incisors. The cells were fixed with Cytolyt®
(Hologic Inc) and subsequently prepared with a
Thinprep® processor (Hologic Inc) within 48 hours
after the sample acquisition. The cells were then
stained using the standard Papanicolaou staining
protocol for non-gynecological cytology. All the cy-
tology slides were reviewed by cytopathologist (CZ)
blindly. Optical analysis was done by observers
blinded to endoscopic and pathological diagnosis.
The instrument was operated by a trained research
specialist (KS).

Spatial-domain Low-coherence Quantitative
Phase Microscopy (SL-QPM)

A detailed description of SL-QPM instrument
and data analysis have been reported in detail else-
where [11, 15, 18]. The instrument records a reflec-
tance-mode scattering intensity cube I(x,y,k), where x
and y represent the spatial position of each image
pixel and k is the wavenumber. The transmis-
sion-mode intensity image is also recorded to docu-
ment a conventional cytology image. The nanoscale
information is derived from the common-path inter-
ferometry configuration inherent in the original cy-
tology slide itself [11, 15]. The reflected light from
glass/cell interface serves as a reference wave and the
backscattered light from the cell on the cytology slide
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serves as the sample waves. This configuration in-
herent in the glass slide eliminates the multiple noise
sources of traditional interferometry, achieving a high
stability of ~1 nm [11, 15, 24].

Optical Path Length (OPL) Map

We used SL-QPM to obtain the two-dimensional
spatial distribution optical path length map (OPL
map) of the cell nucleus, which is subsequently used
to quantify the nanoscale nuclear architecture prop-
erties [15]. The reflectance spectrum I(x,y,k) from each
pixel (x,y) is first normalized by the spectral profile of
the optical system to account for the wavelength de-
pendent response of the light source and optical
components. After taking the Fourier transform of the
collected signal I(x,y,k), the OPL at a fixed optical path
length of interest is obtained using the following

equation:
Im ( p (zopl ))

OPL(x,y) = z,, + A
Re(p(zopl ))

227

arctan

where A is the source central wavelength (Ao = 550
nm), zopl is the fixed optical depth location, and Im
and Re denote the imaginary and real parts of the
complex value p(z,1) respectively. Note that the factor
of 2 accounts for the double OPL due to the reflection
configuration. As a result, we obtain a
two-dimensional spatial distribution of nanoscale
optical path length (i.e., OPL map).

Quantitative Analysis of OPL Map

To quantify the nano-architectural properties of
the cell nucleus, we calculated three statistical texture
descriptors from the OPL map OPL(x,y) for each cell
nucleus: standard deviation of OPL oop1, entropy Eopr,
and uniformity Uop. [26]. The standard deviation oop.
of the OPL map measures the spread of the OPL val-
ues at different (x, y) locations around the mean, and
therefore, can be thought of as a measure of the
structural heterogeneity. For nucleus with high het-
erogeneity, the standard deviation value would be
large. The entropy Eopr, on the other hand, measures
the distribution of the structural heterogeneity of the
OPL map. To compute the entropy, we used the
well-known Shannon entropy equation:

E

oPL —

_ZpiZOgZ p,, where p; is computed from the

normalized histogram of OPL(x,y). We also measure
the structural homogeneity of the OPL maps of the
cell nuclei by characterizing its uniformity Uopr. If the
OPL map is perfectly homogenous, then the value of
Uopr will be 1; otherwise, it will always be less than 1.
Uniformity was calculated using the relation

Uops :Zpl?. The normalized histogram was gener-

ated from OPL(x,y) by considering 1000 sample bins
within the appropriate optical path length range and
the bins were chosen to ensure that the histogram
details are captured without introducing sampling
noise.

Statistical Analysis

To obtain a characteristic nuclear architecture
marker for each patient, we calculate the statistical
average of these three nanoscale nuclear architecture
parameters over approximately 30-40 cells for each
patient, denoted as (oor)y, (Eorr)p, and (Uopr),. We
performed statistical analyses using Microsoft Excel
2012 and SAS statistical software (SAS Institute). All
statistical analyses were performed based on the Stu-
dent’s t-test at 95% confidence interval. Two-tailed P-
values were used for all analyses. The alpha level was
assumed to be 0.05. The two-tailed P-values of less
than 0.05 were considered to be statistically signifi-
cant. We constructed receiver operating characteristic
(ROC) curve using a logistic regression with one
marker - nuclear entropy. The discriminant power of
the model was assessed by means of the area under
the ROC curve (AUC).

RESULTS

Nuclear nano-architecture markers of normal
gastric cardia and upper squamous esophagus

A total of 128 patients were prospectively en-
rolled into this study, which are split into two patient
cohorts. The first cohort consists of 82 patients who
had never received any treatment nor had any per-
sonal history of esophageal dysplasia or EAC; and the
second cohort consists of 46 patients who had re-
ceived either radiofrequency ablation (RFA) or endo-
scopic mucosal resection (EMR) or both.

The first patient cohort was categorized into
three groups (shown in Table 1): a non-Barrett’s
(non-BE) control group consisting of patients with
normal squamous esophagus and GERD; a low-risk
BE group consisting of patients with non-dysplastic
intestinal metaplasia; a high-risk BE group consisting
of patients with low-grade dysplasia, high-grade
dysplasia and/or EAC. No patient had undergone
endoscopic therapy at enrollment.

Figure 1 shows the representative optical path
length (OPL) maps of cell nuclei together with the
corresponding conventional bright-field microscopic
images from both normal-appearing columnar epi-
thelial cells from the gastric cardia located at ~1-2 cm
below the GE junction, and normal squamous cells
from the upper esophageal mucosa at ~20 cm from
the incisors. Although these cells appear normal for
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the experienced pathologist, their architectural pat- and a BE patient with dysplasia or EAC (high-risk)
terns in the OPL maps exhibit distinct differences  prior to any treatment.
between a BE patient without any dysplasia (low-risk)

Table |. Categorization of esophageal patients who have never been treated and had no prior history of esophageal dysplasia or EAC.

Category Age (year, meantSD) Most advanced diagnosis

Non-Barrett’s control (never treated) 62.0+16.9 Normal squamous esophagus (12)
GERD (2)

Low-risk Barrett’s esophagus (never treated) 63.0£9.0 Intestinal Metaplasia Only (16)

High-risk Barrett’s esophagus (never treated) 68.5+11.1 Low-grade dysplasia (LGD) (14)

High-grade dysplasia (HGD) (16)
Esophageal adenocarcinoma (EAC) (22)

Columnar Epithelial Cells from Gastric Cardia

Fig 1. (A-B) The representative bright-field microscopic images of columnar epithelial cells from gastric cardia and corresponding optical path length maps
of the cell nuclei (marked in circles) from: (A) low-risk and (B) high-risk patient. (C-D) The representative bright-field images of squamous cells from upper
esophageal mucosa and corresponding optical path length maps of the cell nuclei (marked in circles) from: (C) a low-risk and (D) a high-risk patient.
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To quantify these architectural signatures re-
flected in these OPL maps, Fig. 2(A) shows the statis-
tical analysis of three nuclear nano-architecture
markers from the columnar epithelial cells of the gas-
tric cardia located at ~1-2 cm below the GE junction.
All three nuclear nano-architecture markers (i.e.,
(oorL)p, (Eorr)p, and (Uopr)p) show a significant differ-
ence in high-risk BE patients compared to low-risk BE
patients (P < 0.05). The structural heterogeneity fea-
tures within the cell nucleus are significantly in-
creased in high risk BE patients. For example, the in-
tra-nuclear standard deviation (oorL), and entropy
(Eop)p are significantly increased in high-risk BE pa-

tients; while the intra-nuclear uniformity (Uopr),) is
significantly reduced in high-risk BE patients. No
statistical significance is seen between non-BE control
group and low-risk BE patients, suggesting that these
nuclear nano-architecture markers do not differentiate
BE from non-Barrett’s patients. However, some of
these markers do not distinguish well between
non-Barrett’s patients and high-risk BE patients. It
should be noted that all of the cells analyzed are
normal-appearing epithelial cells, as confirmed by an
expert pathologist with special training in cyto-
pathology.
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Fig 2. The nano-architecture markers from the columnar-shaped epithelial cell nuclei of (A) gastric cardia located ~I-2 cm below the GE junction and (B)

upper normal esophagus located at ~20 cm from the incisors.
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Figure 2(B) shows the analysis of these three nu-
clear nano-architecture markers from the nor-
mal-appearing squamous cells of the upper normal
esophagus located ~20 cm from the incisors. There is a
similar statistical significance between high-risk BE
patients compared to low-risk BE patients (P < 0.01) as
well as non-Barrett’'s esophagus (P < 0.05). The cancer
field of esophageal dysplasia/neoplasia does extend
as far as upper squamous esophagus. These markers
again cannot differentiate the low-risk BE group from
non-BE control patients.

Given these results, a question remained with
regard to distance limits of the “field effect” within
the esophagus. To address this question, we then an-
alyzed the spatial dependence on the distance be-
tween the nuclear nano-architecture markers at the
gastric cardia and the highest grade of dysplasia (or
any dysplasia) found on mapping biopsies in high
risk BE patients. Spearman correlation coefficient was
calculated for each of the three nuclear
nano-architecture markers, as shown in Table 2. The
result suggests that the optical markers from the gas-
tric cardia show little dependence on the distance
from any dysplasia or the highest grade of dysplasia.

Nuclear nano-architecture markers of normal
gastric cardia and upper squamous esophagus
in response to endoscopic therapy

As endoscopic therapy such as radiofrequency
ablation (RFA) and endoscopic mucosal resection
(EMR) is frequently used in high-risk patients with
low-grade, high-grade dysplasia and adenocarcino-
ma, we also evaluated how these nuclear
nano-architecture markers change in response to en-
doscopic therapy. In the second patient cohort of 46
patients who had been treated with RFA or EMR or
both at least 6 weeks prior (as shown in Table 3), we

analyzed these markers from their normal-appearing
gastric cardia and upper squamous esophagus and
compared them with those markers from patients
who had never been treated (the first patient cohort).
Figures 3(A-B) demonstrate the changes of the
three nuclear nano-architecture markers (i.e., (oorL)p,
(Eorr)p, and (Uopr)p) in the gastric cardia at ~1-2 cm
below the GE junction and upper squamous esopha-
gus 20 cm from the incisors, respectively, in response
to RFA or EMR. These markers show a progressive
change in patients with HGD and EAC prior to the
treatment, post-treatment high-risk patients (residual
dysplasia) and post treatment low-risk patients (no
residual dysplasia). In contrast to the significantly
increased structural intra-nuclear heterogeneity from
low-risk to high-risk BE patients, these intra-nuclear
heterogeneity markers reverted toward normal in
post-treatment low-risk patients compared to the
never-treated patients with HGD and EAC, with a
dramatic decrease in intra-nuclear standard deviation
and entropy (P < 0.0002) and a substantial increase in
intra-nuclear uniformity (P < 0.0001). The nuclear
nano-architecture markers in post-treatment low-risk
patients become similar to those never-treated
low-risk patients including those with BE and non-BE
controls (P > 0.05). These results provide further evi-
dence that the nuclear nano-architecture markers are
indeed due to the neoplastic changes, rather than
other non-specific changes. Interestingly, even in the
post-treatment high-risk patients, most of their nu-
clear nano-architecture markers from the uninvolved
gastric cardia and upper squamous esophagus show a
significant change compared to those never-treated
patients with HGD and EAC, which might indicate a
potential risk reduction in these treated patients.

Table 2. Spatial dependence of the nuclear nano-architecture markers between dysplasia and proximal gastric fold.

Category Standard deviation Entropy Uniformity

Distance between highest grade of dysplasia and gastric fold Correlation coefficient ~ 0.002 -0.006 -0.014
P-value 0.99 0.97 0.92

Distance between any dysplasia and gastric fold Correlation coefficient  0.092 0.05 -0.04
P-value 0.52 0.73 0.75

Table 3. Categorization of esophageal patients who had been treated with radiofrequency ablation (RFA) or endoscopic mucosal re-

section (EMR) or both.

Category Age (year, meantSD) Most advanced diagnosis post treat- Treatment
ment

Low-risk BE post treatment 69.0£13.0 Normal squamous esophagus (16) RFA (24)
Intestinal Metaplasia Only (13) EMR (12)

High-risk BE post treatment 70.0+11.2 High-grade dysplasia (6) RFA (9)
Esophageal adenocarcinoma (3) EMR (7)
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Fig 3. The changes of three nano-architecture markers from the columnar-shaped epithelial cell nuclei of (A) gastric cardia located ~1-2 cm and (B) upper
normal esophagus located at ~20 cm from the incisors below the GE junction in response to endoscopic therapy.
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Fig 4. The performance characteristics described by receiver operating
characteristic (ROC) curve using nuclear entropy from the squamous cell
nuclei of normal esophagus located ~20 cm from the incisors to distinguish
low-risk from high-risk BE patients. The discriminatory accuracy assessed
by the area under the curve (AUC) is 0.74.

DISCUSSION

In this study, we demonstrate that several nu-
clear nano-architecture markers (intra-nuclear stand-
ard deviation, entropy, uniformity) detect the “field
effect” of esophageal dysplasia and neoplasia in BE
patients from two normal-appearing non-dysplastic
and non-Barrett’s uninvolved areas - gastric cardia
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and upper squamous esophagus. Further, the
nano-architecture markers in both uninvolved areas
reverted toward normal as a response to endoscopic
treatment, suggesting their potential to monitor the
effect of therapy and also confirming the neoplastic
relevance of these nuclear nano-architecture markers.

The gastric cardia at ~1-2 cm below the GE junc-
tion exhibits a similar cancer “field effect” for esoph-
ageal dysplasia/neoplasia with the upper esophagus
located 20 cm from the incisors. Both gastric cardia
and upper esophagus are non-dysplastic
non-Barrett’s-involved areas. As BE always originates
from lower esophagus, the gastric cardia is in close
proximity to Barrett’s segment, presenting a close
“cancer field”. On the other hand, the upper squa-
mous esophagus represents a far “cancer field” which
may be more-easily accessible for cytology procure-
ment using non-endoscopic techniques. Our data
show that the “field effect” detected by
nano-architecture markers does extend as far as the
upper esophagus. In addition, these markers do not
seem to be localized to the small regions around the
esophageal dysplasia, as suggested by the little de-
pendence on the distance between dysplasia and the
gastric cardia.

Several molecular markers have also been pre-
viously reported to detect the “field effect” in esoph-
ageal dysplasia/neoplasia. For example, the global
gene expression signatures have been identified in
normal squamous cells from patients with Bar-
rett’s-associated adenocarcinoma [6]. A recent study
using next-generation sequencing reports mutation
detected in gastric cardia in patients with HGD [27].
The epigenetic patterns were also found in the normal
esophagus among a subset of patients with Bar-
rett’s-associated esophageal dysplasia and adenocar-
cinoma [7]. Further, the metabolic profiles of histo-
logically normal tissue in non-Barrett’s segments have
shown distinct differences between BE patients with
EAC from those controls without EAC [8], supporting
the presence of metabonomic field effect in esopha-
geal cancer. These molecular markers provide addi-
tional biological evidence to support the presence of
“field effect” in esophageal cancer. The nuclear
nano-architectural markers are the structural mani-
festation of these complex molecular events. Although
the exact biological mechanisms responsible for the
altered nuclear nano-architecture markers are not
known, some evidence has shown that they detect
changes in nuclear density and chromatin condensa-
tion [22, 23].

These provocative results potentially have sig-
nificant clinical implications. Rather than intensive,
time-consuming and expensive biopsy protocols to

select high-risk patients, the analysis of epithelial cells
from gastric cardia or upper squamous esophagus
obtained by cytology brushings represent potential
alternatives to improve the risk stratification and
surveillance of patients with Barrett's esophagus or
monitor the efficacy of ablative therapy. Alternatively,
given the decreased esophageal mucosal disruption
with such sampling, the assessment of uninvolved
gastric cardia or upper squamous esophagus may also
be useful as a way to collect diagnostic information
during the same endoscopy as an ablative therapy
session, thus decreasing the need for interval surveil-
lance procedures.

While these results are encouraging with
demonstrated statistical significance in detecting
high-risk from low-risk BE patients, the current per-
formance of these nano-architecture markers remains
sub-optimal for clinical use, as the area under the re-
ceiving operating characteristics (ROC) curve using
one marker is 0.74 (sensitivity of 86% at a specificity of
50%) for distinguishing high-risk BE patients with any
dysplasia or EAC from low-risk BE patients with in-
testinal metaplasia only, as shown in Fig. 4. A number
of potential factors may be contributing to this limita-
tion. First, about one third of the patients in the high
risk group have low-grade dysplasia, whose actual
risk for developing cancer is still controversial [28, 29].
The reason the low-grade dysplasia is categorized as
high-risk BE group in our study is that as our goal is
to identify an enriched population who should be
surveyed more closely, according to the current
guidelines [30]. Second, although the nuclear
nano-architectural markers describe different aspects
of structural heterogeneity within the cell nucleus,
some of them are correlated, such as intra-nuclear
entropy and uniformity. The high-level of correlation
limits the use of multiple markers in the prediction
model. Therefore, we are exploring additional com-
plementary nano-architecture markers [31] to im-
prove the accuracy in order to supersede current
clinical practice. We are also evaluating the optical
analysis of histology preparation of tissue biopsies
directly from non-dysplastic Barrett's segment that
have shown promise of higher accuracy [32].

This study suggest that the gastric cardia and
upper squamous esophagus represent potential al-
ternative sites to improve the risk stratification during
screening and surveillance of patients with Barrett’s
esophagus or to monitor the efficacy of endoscopic
therapy, based on the “field effect” of esophageal
dysplasia and neoplasia. We discovered that the nu-
clear nano-architecture markers of these two
non-dysplastic and non-Barrett's sites detect the
presence of esophageal dysplasia and EAC and re-
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spond to endoscopic therapy. While these results are
encouraging, additional molecular or optical markers
are needed to yield improved performance.
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